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Enzymes in Industry Workshop 
This two-day workshop, presented by Value Added Wheat CRC and the University of 
Sydney, will introduce participants to enzymology and the fundamentals of enzyme 
function in select industrial and biotechnological processes. Combining lectures with 
laboratory demonstrations and practical, hands-on experience, topics covered will 
build from the basics of enzymology to their applications in:  
 
• baking and food processing 
• animal nutrition 
• enzyme linked immuno-diagnostics  
• enzyme therapy for humans  
 
Enzymes have been and will continue to be important factors in the food processing 
industries. Furthermore enzymes and their unique specificity are an essential 
component of many immuno-diagnostic techniques. The understanding of what 
enzymes are and how they function at a molecular level is a necessary pre-requisite to 
understanding how they may be used at an industrial, nutritional and clinical level. 
 
An impressive group of industry speakers has joined the university lecturers to 
contribute their expertise to what promises to be an excellent workshop. 
 
Location:  
Presentations will be given in the Zoology Lecture Theatre and the laboratory sessions 
will be conducted in the Ross St Building. A map is attached. Registration, morning 
tea and lunch will be in the Badham Room of the Holme Building, just a short walk 
from the lecture theatre. 
 
Parking: 
Parking is metered on campus, and costs $15 per day flat rate, available from Pay 
and Display machines which accept $2, $1, 50c, 20c, and 10c coins. Change 
machines for converting notes to coins are located in front of the Anderson Stuart 
Building, on Manning Road in front of the Old Teachers' College, behind the 
Wentworth Building in Maze Crescent, and in the Shepherd Street carpark.  
Download map: http://www.usyd.edu.au/timetable/bookings/images/map00a.gif 
 
Catering: 
Lunches, morning and afternoon teas will be provided. 
 
Map of Venues for Lectures, Labs and Refreshments 
                
PROGRAMME 
 
 
MONDAY 18 FEBRUARY 2002 
 
8.30 am  Registration and coffee 
9.00 am – 9.40 i) Enzymes – what they are and how they function 
Presenter: Dr Edith Lees, University of Sydney 
9.45 am – 10.25 ii) Types of enzymes and the reactions they catalyse 
Presenter: Professor Les Copeland, University of Sydney 
10.30 am – 11.00 MORNING TEA 
11.00 am – 11.40 iii) How enzyme activity can be measured 
Presenter: Dr Bob Caldwell, University of Sydney 
11.45 am – 12.25 iv) Principles of enzyme linked immuno-diagnostics 
Presenter: Dr James Chin, Elizabeth Macarthur Agricultural 
Institute 
12.30 pm – 1.30 pm LUNCH 
1.30 pm – 4.30 pm Laboratory demonstrations and ‘hands-on exercises’ 
 
TUESDAY 19 FEBRUARY 2002 
 
9.00 am – 9.40 i) Enzymes in animal nutrition 
Presenter: Dr Peter Selle, BASF Australia 
9.45 am – 10.25 ii) Enzymes in baking 
Presenter: Mr John Russell, Cerealtech Pty Ltd Singapore 
10.30 am – 11.00 MORNING TEA 
11.00 am – 11.40 iii) Enzymes in food processing 
Presenter: Mr Tony Bryan), Novozymes Australia Pty Ltd 
11.45 am – 12.25 iv) Enzyme therapy for humans 
Presenter: Anthony Earp, Genzyme Therapeutics 
12.30 pm – 1.30 pm LUNCH 
1.30 pm – 4.30 pm Laboratory demonstrations and ‘hands-on exercises’ 
  
 
 
 
 
Enzymes – what they are  
and how they function 
 
Edith Lees 
University of Sydney 
1E N Z Y M E S
- w h a t a re  th e y , a n d
h o w  d o  th e y  w o rk ?
E d ith  L e e s
A g r ic u ltu ra l C h e m is try
U n iv e rs ity  o f  S y d n e y
Enzymes are biological catalysts
Catalysts
- increase the rate of chemical reactions
- do not alter the equilibrium positions of chemical      
reactions
- remain unchanged at the completion of a  reaction
Reversible chemical reaction
A B
For  A         B,      v1 =  k1 [ A ]
For  B         A,      v2 =  k2 [ B ]
At equilibrium [ A ] / [ B ]  = constant
A         B A         B
- catalyst + catalyst
[ A ] [ A ]
and and
[ B ] [ B ]
time time
Consider a reaction:  A         B
The ‘free energy’ content, G, is different for A and B
For A       B: change in ‘free energy’ is  ΔG
If  ΔG is  negative, the reaction is thermodynamically
spontaneous and energy is released
(If  ΔG is positive, energy input is required) 
Many chemical reactions in which ΔG is negative 
do not proceed spontaneously, or they proceed very slowly
Energy
G
2For A       B,    v  =  k [ A ]
‘k’ is related to  Ea  according to:
Arrhenius equation
k = A e 
A constant
R gas constant
T absolute temperature
(- Ea / RT )
Catalysts lower the activation energy, Ea
Energy
G
Lower Ea(cat) increased k         increased v
Catalysts work by:
- lowering the activation energy of a chemical 
reaction, and
- particularly for multi-component reactions
A1 +   A2 B1 +   B2
increasing the likelihood of a collision between 
A1 and A2 in the correct orientation for reaction
- Ea / RT
In the equation k = A e
A is related to the probability of a properly oriented collision 
between A1 and A2, so increased A and increased Ea
contribute to increased k and v 
Catalysts provide a suitable surface for A1 and A2 to interact
Biological catalysts - ENZYMES - are much more efficient 
than chemical catalysts
For the breakdown of hydrogen peroxide
2H2O2 2H2O   +   O2
No catalyst rate of breakdown 1
Metal catalyst rate of breakdown 1 x 104
Enzyme ‘catalase’ rate of breakdown 1 x 1011
ENZYMES are proteins
- virtually unlimited variation in size, shape and 
chemical characteristics
- provide matching surfaces for interaction with 
particular substrates
- thus enzymes are specific for particular 
substrates and chemical reactions
ACTIVE SITES of enzymes
- the small section of the enzyme which interacts 
directly with the substrate is the Active Site
- it has an appropriate shape for the substrate
- it has ‘functional’ amino acids which interact 
chemically with the substrate
- these amino acids are widely separated in the 
protein primary sequence
3Interaction of Enzyme and Substrate
Shape
E   +   S             ES             E   +   P
The enzyme protein and active site are not rigid
Interaction of Enzyme and Substrate
Chemical Interaction
- amino acids in the active site relate to the type 
of chemical reaction to be catalysed
- for a hydrolysis reaction which can be carried 
out chemically by treatment with acid, the active 
site often includes aspartic acid and/or glutamic 
acid
( -COOH                   -COO⎯ +   H+ )
Interaction of Enzyme and Substrate
Kinetics
k1 v1 k3 v3
E   +   S            ES              E   +   P
k2 v2
Michaelis-Menten equation
Vmax [S]
v   =
Km +  [S]
v, overall velocity; Vmax, maximum velocity for specific 
amount of E;   Km, Michaelis constant
constant E
v
Km
- Km is a measure of the binding between the 
Enzyme and the Substrate, and the stability 
of the Enzyme-Substrate complex
- it is the substrate concentration which 
results in a reaction velocity of 0.5 Vmax
- it is important in understanding how 
enzymes work in cells
4Control of Enzyme activity
Temperature
- Increased temperatures usually increase the 
rate of chemical reactions
- High temperatures cause protein denaturation
v
temperature
Control of Enzyme activity
pH
- enzymes have an optimum pH for activity
- for ± 2 pH units from the optimum - reversible 
inhibition of activity
- for > 2 pH units from optimum - denaturation
v
pH
Control of Enzyme activity
Activation and Inhibition
Natural Modulators
- bind to the active site and prevent access by 
the substrate
- bind somewhere else on the enzyme and alter 
the shape of the active site
- cause aggregation and disaggregation of 
enzyme sub-units
- regulate metabolism
Control of Enzyme activity
Activation and Inhibition
Xenobiotic modulation
- toxic compounds can destroy active sites
- work by binding to amino acid at an active site
- potential for specific toxicity by matching an 
inhibitor to a particular enzyme
5ENZYMES
- Enzymes are proteins with complex chemical 
structures which enable them to catalyse chemical 
reactions very efficiently
- Enzymes work by interacting chemically with 
substrates in ways which reduce activation energies; 
and facilitate the alignment of components of 
multi-substrate reactions in active sites
- The capacity for enzymes to be very specific for 
their substrates is the key factor in their efficiency 
as biological catalysts
  
 
 
Types of enzymes  
and the reactions they catalyse 
 
Les Copeland 
University of Sydney 
Enzymes and the 
reactions they catalyse
Les Copeland
Faculty of Agriculture, Food and Natural Resources
University of Sydney
Why is it important to learn about enzymes?
¾ Enzymes are the catalysts of biological reactions
 knowledge of enzymes helps us to understand how 
living cells function
¾Many enzymes have practical applications
 processing of foods, feeds and beverages (commercial 
value of enzymes >$500 million pa)
 analytical and diagnostic reagents (food and beverage 
industries, clinical, environmental)
¾ Biotechnology
 immobilised enzyme technology 
 biosensors
 design of new bioactive compounds 
 synthetic organic chemistry
What aspects of enzymology should 
food, agricultural and environmental 
scientists know about?
¾physical, chemical and kinetic properties
applications and technology
¾ genetics of expression
¾ biological role
¾ mechanism of action 
¾ cellular controls of activity
Enzymes are specific and sensitive reagents for the 
quantifying biological molecules
The analyte is made the limiting component in the analysis
 end-point analysis
Glucose oxidase
Glucose  Gluconate
O2 H2O2 H2O
Chromogenic Coloured
substrate Peroxidase product
NAD(P)+ NAD(P)H
X Y  
Enzyme
Change in A340 ≡ [X]
Biosensor
Analyte
Biological detector molecule (eg, enzyme, antibody)
Formation of product or 
change in a physical property
Signal transducer
Electrical signal
Amplification and detection
Information output
Measuring enzyme activity is used in diagnostic tests
¾ the enzyme is made the limiting component of the 
analytical system
 diagnosis of disease and pathologies 
(medicine, veterinary, crops)
 quality of raw commodities, foods and feeds
 microbial spoilage
 process monitoring and control
 soil quality
 forensic science
1  2   3  4  5         6         7
Days
A
ct
iv
ity α-amylase
GA
Induction of enzymes in germinating cereal grains
α-Amylase activity is measured to assess suitability 
of wheat grains for end use
¾ Preharvest sprouting can cause serious damage to 
wheat quality 
 premature induction of α-amylase (and other 
enzymes) while grain is still attached to the ear
 assessed by α-amylase activity, rheological tests  
 related to genotype (sensitive genes that affect 
seed coat and response of embryo to water)
 grain maturity
 climatic effects (promoted by rainfall and high 
temperatures)
¾ Late-maturity α-amylase 
Enzyme activities are used to assess 
suitability of barley for malting
¾ Malting is controlled germination to induce α-
amylase and other degradative enzymes
 barley grains mixed with water (GA) and 
allowed to germinate for ~4 days
 germination is halted by removing water and 
heating to 80oC
 malt contains high levels of α-amylase and 
partially degraded starch 
 “diastatic power”
Many enzymes are used in processing of foods & feeds
Amylases Brewing, baking, glucose 
syrups, fruit processing
Cellulases, xylanases, Cereal and fruit processing, baking, 
pectinases brewing, feed formulations
β-Glucanases Cereal processing, brewing
Dextranases Glucose syrups
Glucose isomerase High fructose syrups
Lipases Fat modification, flavour 
production, cheese production, 
emulsifier synthesis
Proteases Baking , brewing, flavour production, 
gluten modification, protein 
hydrolysates
β-Galactosidase Milk processing
Many enzymes required for complete breakdown of 
biopolymers: endo- and exo- activity
¾ Exoenzymes split terminal bonds in a polymer chain
¾ Endoenzymes split internal bonds in a polymer chain
 have have a much greater effect on viscosity than
endoenzymes
¾ Endo- and exo-glycanases, proteases
Complete breakdown of starchrequires concerted action of 
many enzymes
Starch granules
Soluble dextrins
Maltose Linear dextrins
Glucose Glucose-1-P
Glucose-6-P
α-Amylase
β-Amylase
Phosphorylase
Debranching enzyme
α-Glucosidase
β-Amylase
Enzymes of starch degradation
α-Amylase    β-Amylase      Starch phosphorylase       Debranching enzyme
Reducing endNon-reducing ends
Some enzymes have undesirable effects
¾ Lipases
Lipase
Triglyceride Monoglyceride + 
free fatty acids
Lipoxygenases
Free fatty acids and oxidised fatty acids cause off-flavours and 
rancidity
Sources of industrial enzymes
¾ Early industrial enzymes were derived from plants 
and animals
¾ Production of enzymes by microbial fermentation 
(bacteria, fungi, molds, yeasts) is now a more 
efficient form of manufacture
 use of GMOs is common
 enzymes used in foods is subject to strict 
regulation
¾ Enzymes are biological materials
 care required in handling, storage, use 
 safety precautions
Isolation and purification of enzymes
¾ Obtain enzyme in soluble extract from cells/tissue
¾ Precipitate enzyme to remove low molecular 
weight solutes and some unwanted proteins
 (NH4)2SO4, (polyethylene glycol, organic solvents, 
heat, low pH) 
¾ Separation from other proteins based on 
 size (size exclusion chromatography, GPC)
 charge (ion exchange chromatography) 
 biospecific interactions (affinity 
chromatography, hydrophobic interaction 
chromatography
 electrophoretic mobility
Enzyme nomenclature
Enzyme class Type of reaction
1.  Oxidoreductases Oxidation-reduction
2.  Transferases Transfer a group from one 
compound to another
3.  Hydrolases Hydrolytic cleavage of bonds
4.  Lyases Cleavage of bonds, not by 
hydrolysis, leaving double bonds or 
rings; alternatively, adding groups to 
double bonds
5.  Isomerases Geometric or structural changes 
within one molecule
6.  Ligases Joining of two molecules, coupled 
with the hydrolysis of the 
pyrophosphate bond of a nucleoside
triphosphate
Enzyme nomenclature
Reaction
D-Hexose  +  ATP  =  D-hexose 6-phosphate  +  ADP
Systematic name 
ATP:D-Hexose 6-phosphotransferase (EC 2. 7. 1. 1)
Trivial name
Hexokinase EC   2.  7.  1.  1
Enzyme Commission
Transferase
Transferring a phosphorus-containing group
Alcohol group as acceptor
Enzyme number within sub-class
Enzymes are proteins
 Most proteins have a 
highly flexible 3-D 
structure (conformation)
 Many proteins undergo 
conformational changes 
in response to signals 
from  their environment
 Small changes in  
conformation  may be 
amplified into large 
changes in activity of 
the protein 
Proteins are flexible molecules
Linear polymers of amino acids; 
 MW 20,000 to > 106
Conformation is determined by 4 levels of structure
1°: amino acid sequence in the polypeptide chain
2°: arrangement of polypeptide into helices and 
pleated sheets
3°: folding of helical and sheet regions
4°: interaction between subunits in multisubunit 
proteins
Protein structure
Proteins have 4  levels of structure which produce a  
flexible molecular architecture
Primary sequence of amino acids in the 
polypeptide
Secondary arrangement of polypeptide into helical 
and sheet-like configurations
Tertiary folding of helical and sheet regions
Quaternary interaction between subunits in 
multisubunit proteins
Enzyme catalysis
¾ Conformation of protein brings functional groups of a 
few key amino acids into close spatial proximity to 
 form substrate-binding site (active site) 
• also sites for activators/inhibitors (regulatory 
sites)
 create a microenvironment that favours catalysis 
(making or breaking of covalent bonds in the 
substrate; eg, hydrophobic, reducing)
¾ Functional groups of amino acids are optimally 
orientated for substrate binding and catalysis
Conformational changes in proteins
¾ Changes in the alignment of amino acid side 
chains involved in binding of substrates and/or 
catalysis may be induced by 
 interaction of activator or inhibitor molecules
 covalent modification of the protein
 immobilisation of the enzyme
¾Ability of proteins to undergo 
conformational changes with consequent 
change in activity is fundamental to all 
biological processes
Enzymes are very effective catalysts
¾ Several catalytic groups may act on a substrate 
simultaneously
¾ Rate of reaction may be increased by 
 acid-base catalysis (transfer of H+)
 nucleophilic catalysis (donation of e-)
 electrophilic catalysis (withdrawal of e-)
¾ Translational and rotational freedom of substrate 
are restricted in the active site
Binding and catalytic specificity
N
NHCOCH3
H
COOCH2CH3
H
N
NHCOCH3
H
COOCH2CH3
H
 How well the substrate binds to the enzyme
 Orientation and proximity of reacting groups on the 
substrate with the catalytic groups on the enzyme
Example:  Interaction of D-(+)- and L-(-)-esters of 
N-acetyl tryptophan with chymotrypsin
L-(-) D-(+)-
Dissociation constant 2.5 x 10-3 M 0.8 x 10-3
Turnover number 27 s-1 0
Km and Vmax
¾Km (K…) gives a measure of binding affinity
¾Vmax (Kcat) gives a measure of catalytic power
Enantiomeric selectivity of enzymes
Biologically active enanatiomer Biologically inactive enanatiomer
Physical and chemical properties of enzymes
¾ Characteristics and size of the protein and 
constituent subunits
¾ Amino acid sequence 
¾ 3-D structure of the protein
¾ Amino acids involved in binding of substrates and 
catalysis
¾ Characterization of catalytic and regulatory sites
Chemical mechanism of enzymes
¾ Chemical events that occur during catalysis
 movement of electrons and bond distortions 
within molecules
 making or breaking of bonds between atoms
¾ Knowledge comes from
 amino acid sequence
 identifying amino acids involved in substrate 
binding and /or catalysis
 X-ray diffraction analysis of crystals; NMR
 site-directed mutagenesis
Mutagenesis of triose-P isomerase
Replacing Glu 165 with Asp → 1500-fold reduction in Vmax
(Raines et al. 1986 Biochemistry 25: 7142-7154)
Kinetic mechanism of enzymes
¾ Sequence of events in a reaction and the rates at 
which they take place
¾ Factors that control the reaction rate (activators, 
inhibitors)
Knowledge comes from
¾ determining the value of kinetic parameters 
(Vmax, Km, Ki)
¾ initial velocity studies (P ≈ 0)
¾ analysing the effect of inhibitors on reaction rate
Double reciprocal plot
v = V.S/(Km + S) Michaelis-Menten equation
1/v = Km/V.S +1/V Lineweaver-Burk transforamtion
1/v
1/S-1/Km
Slope = Km/V
Substrate consumed (%) 1 2 5 10 20 30
Error in Km from plot (%) 0.5 1.0 2.6 5.4 11.6 18.9
Genetic properties of enzymes
¾Where the enzyme is encoded and where it is 
expressed
¾ Are different forms (or subunits) of the enzyme 
encoded by separate genes?
¾ Isolation of the gene(s)
¾ How expression is regulated
Multi-substrate reactions – need to consider 
sequence of events
E EA EAB⇔EPQ EQ E
A B P Q
E EA ⇔ FP F FB ⇔ EQ E
A P B Q
Sequential
Double
displacement
Sequential mechanism -
eg, malate dehydrogenase   
E + NAD+
E.NAD 
+ Malate
E.NAD.Malate             E.NADH.Oxaloacetate
+ Oxaloacetate
E.NADH 
E  +  NADH
Double displacement reaction - eg, transaminases 
R
CH
CO2
-
N
CH
R
C
CO2
-
N
CH2
R
CH
CO2
-
NH3
+
CHO
R
C
CO2
-
O
CH2
NH3
+
R'
CH
CO2
-
N
CH
R'
C
CO2
-
N
CH2
R'
CH
CO2
-
NH3
+
CHO
R'
C
CO2
-
O
CH2
NH3
+
Enzyme inhibitors
Natural 
Xenobiotic
Classical
¾ IT >> ET
¾ Inhibition is rapid (msec)
¾ Rapidly reversed by removal of inhibitor (increasing 
substrate concn) 
Slow, tight binding
¾ IT ~ ET
¾ Inhibition is slow (sec - hr)
¾ Not readily reversed by removal of inhibitor
Classical inhibitors
E EA E   +   P
k1A
k2
k3I k4
EI
Fast
E EA E   +   P
k1A
k2
k3I k4
EI EI*
k6
k6<< k5
Slow, tight binding inhibitors
Pr
od
uc
t
Time
I0
I1
I2
Pr
od
uc
t
Time
I0
I1
I2
Slow, tight binding inhibitors -
examples of t0.5 for dissociation of EI*
Acetolactate synthase - sulfmeturon methyl 30 min
DHF reductase - methotrexate 53 min
Angiotensin converting enzyme - MK421 60 min
Glutamine synthetase - methionine sulfoximine 1 d
Mannosidase - swainsonine 3 d
H. simplex DNA polymerase - acyclovir 40 d
Competitive inhibition
1/v
1/S
I2
I1
No I
E  +  S  ES
Km
EI
Ki
v   = Vmax.S/{Km(1 + I/Ki) + S}
Ki =  E.I/EI
Uncompetitive inhibition
1/v
1/S
I2
I1
No I
v   = Vmax.S/{Km + S(1 + I/Ki)}
Ki =  ES.I/EIS
E  +  S  ES
Km
EIS
Ki
Noncompetitive inhibition
1/v
1/S
I2
I1
No I
v   = Vmax.S
Km(I + I/Kis + S(1 + I/αKii)
Kis  =  E.I/EI
Kii = EI.I/EIS
E  +  S  ES
EI  +  S EIS
Km
Kii Kis
αKm
Cooperativity
¾ Activity of regulatory enzymes may be increased 
or decreased through the interaction of the enzyme 
with specific effector metabolites 
¾ Regulatory enzymes have separate catalytic and 
regulatory sites which are not independent 
¾ Binding of an effector at a regulatory site induces a 
change in conformation within the protein
¾ Changes are transmitted through the protein -
events that occur at one site influence what 
happens at another site (cooperativity) 
Cooperativity
Protein modification
¾ Properties of some enzymes are altered by 
covalent modification of the protein
¾ Usually involves specific enzyme pairs
- phosphorylation/dephosphorylation
- oxidation/reduction (eg, -S-S- → -SH)
Protein phosphorylation
P
Protein kinase
Protein phosphatase
X          Y
 Transfer of γ-P from ATP to -OH in protein (ser, thr, tyr) 
 Catalyzed by specific protein kinases and reversed by  
specific phosphatases; kinase / phosphatase pairs are 
reciprocally regulated
  
 
 
 
Methods for measurement  
of enzyme activity 
 
Bob Caldwell 
University of Sydney 
1School of Land, Water & Crop Sciences,
Faculty of Agriculture, Food and Natural Resources
The measurement of enzyme activity
Bob Caldwell
Continuous
i) Spectral  - absorbance, fluorescence, 
optical rotation
ii) Electrochemical  - pH, oxygen content, 
reductant or oxidant levels, conductance
iii) Physical  - viscosity, gas pressure/volume
Discontinuous
Sampling of reaction mixture at specific times
Immediate treatment to terminate enzyme activity
Treatment of sample to generate a measurable 
property of the substrate or product
Pyruvate +  NADH  +  H+ lactate  +  NAD+
N α-p-toluenesulphonyl-L-arginine methyl ester
CH3
O
(CH2)3
NH
NHCNH2
O
C
esterase activity
CH3
S   O
NH
CH O
Trypsin artificial substrate
Continuous
i) Spectral  - absorbance, fluorescence
optical rotation
ii) Electrochemical  - pH, oxygen content,
reductant or oxidant levels, conductance
iii) Physical  - viscosity, gas pressure/volume
2Fluor – amino acid(1) – amino acid(2) – Quench
Fluorescence
Fluor – amino acid(1) amino acid(2) – Quench
Continuous
i) Spectral  - absorbance, fluorescence
optical rotation
ii) Electrochemical  - pH, oxygen content,
reductant or oxidant levels, conductance
iii) Physical  - viscosity, gas pressure/volume
Oxygen electrode
O2 +  2H+ +  2e- H2O2
Glucose oxidase
glucose  +  O2 gluconic acid δ lactone +  H2O2
Cholesterol oxidase
cholesterol  +  O2 Δ4 – cholestenone + H2O2
Conductometric
NH2
C=O  +  2H2O 2NH4+ +  CO32-
NH2
H3C
(CH2)2
H2OC H+
N(CH3)3
HO
O
O
++
O
O
CH3C +
+ N(CH3)3
+
(CH2)2-
acetylcholine acetate choline
Urease
Cholinesterase
Continuous
i) Spectral  - absorbance, fluorescence
optical rotation
ii) Electrochemical  - pH, oxygen content,
reductant or oxidant levels, conductance
iii) Physical  - viscosity, gas pressure/volume
Physical
Viscosity [η]  =  K * Mα
Manometry
Miscellaneous
3Discontinuous
Sampling of reaction mixture at specific times
Immediate treatment to terminate enzyme activity
Treatment of sample to generate a measurable
property of the substrate or product
Termination of enzyme activity
i) extreme pH (or change to a pH where the
enzyme is inactive)
ii) high temperature
iii) chemical denaturation
or combinations of these.
NO2 O P OH
O
OH
OO2N -
NO2 OH
OH
O
OHPHO+
NaOH
yellow,     =  405 nmλ
Phosphatases
Phytase OPO3H2
OPO3H2
OPO3H2
OPO3H2
OPO3H2
H2PO3O
Difficulties encountered in developing an enzyme assay
i) Substrate and product are featureless
ii) Equilibrium constant
iii) Product inhibition
iv) Instability of the substrate or product
Coupled reactions
Substrate  +  Enzyme Product(1)  +  Enzyme
Product(1) Product(2) where v2 >>  v1
v1
v2
Lactate  +  NAD+ Pyruvate  +  NADH  +  H+
Pyruvate  +  L-glutamate L-alanine +  2 oxoglutarate
DAP  +  NADH  +  H+ L-glycerol-3-P  +  NAD+
  
 
 
 
Principles of enzyme-linked 
immunodiagnostics 
James Chin 
Elizabeth Macarthur Agricultural Institute 
1PROTEINS AS DIAGNOSTIC
REAGENTS IN AGRICULTURE 
AND MEDICINE
Dr. James Chin
NSW Agriculture
CRC-VAW Molecular Diagnostics
Substrate                                  Product
Enzyme
1. Interactive forces of attraction and repulsion
2. Affinity
3. Goodness of fit
4. Temperature
5. Kinetics – Reaction rate
2Antigen                                     Product
Ag-Ab Complex
Antibody
1. Interactive forces of attraction and repulsion
2. Affinity
3. Goodness of fit
4. Temperature
5. Kinetics – Reaction rate but 
NO CATALYTIC END PRODUCT
ONLY an Antigen-Antibody Complex
X
3
4Space Filling Model of an Antibody Molecule
5
6
7
8
9
10
Antibodies can be targeted against specific
areas of a protein molecule
These target areas are naturally immunogenic
and are referred to as epitopes
11
Decay acceleration of the 
Alternate Pathway 
C3 Converatase 
Decay acceleration of the 
Classical Pathway 
C3 Converatase 
Kuttner-Kondo JI 167:2164
Why use antibodies as diagnostic molecules?
12
13
14
Can one visualize antibody-antigen interactions?
15
16
Enzyme – HRP
Or Protein A/G
17
18
How can Antibody-antigen interactions 
cause allergies and food intolerance ?
eg. Cows milk allergy (CMA)
Gluten intolerance
19
20
Phage Peptide Displays
An Alternative to Antibodies
• A powerful peptide technology that enables the 
simultaneous screening of millions of peptides for 
binding interactions with your target of interest.
• Questions that are answered here:
– What is a phage?
– How does this technique work?
– What are the applications of this technology?
21
What is a Phage ?
• Bacteriophages (phages) are bacterial viruses.
• Viral particles (virions) = nucleic acid surrounded by a 
protein coat & sometimes also enveloped by other 
macromolecules.
• Viruses can have single- or double-stranded DNA or 
RNA genome, encoding only genes not adaptable 
from host.
• Viruses depend upon the host cell for replication 
(they are metabolically inert when extracellular).
General Phage Life Cycle
22
Filamentous phage
• Filamentous phage are linear (no ‘head’ & ‘tail’ units).
• Most characterised filamentous phage: M13
• M13 phages infect Escherichia coli by attachment ot
their pilus which is encoded by a conjugative plasmid
• M13 virions have a circular ssDNA genome, encoding 
11 genes and gene products (Table 1).
M13 phage genes
Gene Aminoacids
Mol. Wt.
(kDa) Function
I 348 39.5 Assembly
II 410 46.1 DNA replication
III 406 42.5 Minor capsid protein
IV 405 43.5 Assembly
V 87 9.7 Binding DNA
VI 112 12.3 Minor capsid protein
VII 33 3.6 Minor capsid protein
VIII 50 5.2 Major capsid protein
IX 32 3.7 Minor capsid protein
X 111 12.7 DNA replication
XI 108 12.4 Assembly
Table 1 - M13 genes and gene products.
23
M13 phage
• Five copies each of minor capsid (coat) proteins pIII &
pVI are displayed at one end.
• Five copies each of pVII & pIX are displayed at the 
other end of phage.
• pIII binds to E. coli pilus during process of infection.
Figure 2 - Arrangement of M13 coat proteins.
M13 phage
• Unlike most viruses, M13 particles are assembled in 
the host membrane as virions & leave the cell by 
‘budding’, ie. they do not cause cell lysis;
– Cell continues to propagate virus
– No build up of viral components in cell
• George Smith (1985) fused DNA sequences to the M13
pIII coat gene, leading to the non-detrimental display 
of fusion protein upon the phage surface - Phage 
Peptide Display.
24
Phage Peptide Display
• Alternative systems since M13 inc. λ-phage, T4 phage,
eukaryotic viruses, and bacterial & yeast display. 
• Potential to isolate peptides / molecules that bind with 
high specificity & affinity to practically any target 
protein.
• Examples include discovering & mapping ligands &
epitopes, & identifying novel enzyme inhibitors 
(eg. serine protease factor VIIa in blood clotting pathway).
• M13 system vectors - phages or phagemids, each 
posing individual advantages.
Phage Peptide 
Display
• Coat plate with 
target antigen
• Block & wash
• Pan against library
• Elute bound phage, 
amplify
• Repeat blocking, 
washing, panning 
and amplifying 2-5 
times
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Phage Peptide Display
• Optimisation achievable through controlling 
parameters such as:
- detergent concentration (binding & washing 
buffers)
- temperature
- binding & elution time
- target protein concentration
- no. panning rounds.
Microarrays
Primary Data
Data Processing & Analysis
Identify Differentially Expressed Genes
Up regulated
Down regulated
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Introduction 
 
The inclusion of feed enzymes in diets for animals that facilitate digestion and 
improve production, by targeting anti-nutritive substrates, is not a new concept. 
Nevertheless, it was not until the 1990’s that this practice met with acceptance, 
encouraged by more appropriate exogenous enzymes and advancing production 
technologies. The prime example of this turnaround is the addition of non-
starch polysaccharide degrading enzymes (‘NSP enzymes’) to wheat-based 
poultry diets. Three years ago it was estimated that 80% of wheat-based broiler 
diets were supplemented with NSP enzymes with predominantly xylanase 
activity (Silversides & Bedford, 1999); and, in Australia, this figure is almost 
certainly higher. Where relevant, the inclusion of essentially β-glucanase 
enzymes in barley-based poultry diets has also become a routine procedure. 
 
 The inclusion of phytase in pig and poultry rations, irrespective of their 
cereal base, is being increasingly adopted to liberate both the phosphorus (P) 
component of phytate and phytate-bound nutrients. Phytase has the capacity to 
reduce the excretion of P, which is an environmental advantage of increasing 
importance, and phytase is, effectively, an alternative source of P. Moreover, 
phytase has benefits in relation to protein and energy utilisation, unrelated to 
increased P availability, which are being increasingly recognised. Quite 
recently, the use of phytase has accelerated which has been partially due to 
BSE-related concerns over the inclusion of meat & bone meal in monogastric 
diets. Presently, phytase is included in approximately 20% of pig and poultry 
diets on a global basis.   
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  The inclusion of phytase in pig and poultry rations and NSP enzymes in 
wheat and barley-based poultry diets broadly defines the present, practical use 
of feed enzymes in animal nutrition. Pigs and poultry consume approximately 
580 million tonnes of feed worldwide, which forms the majority of total animal 
feed production. Theoretically, there is potential for inclusion of feed enzymes 
in diets for ruminants, companion animals and aquaculture and for feed 
enzymes to target substrates other than phytate in feed ingredients of plant 
origin and non-starch polysaccharides in ‘viscous’ cereal grains in pig and 
poultry diets.  
 
 Recombinant DNA technology probably permits the development of a 
feed enzyme for any nominated substrate. However, the target substrate must 
possess sufficient anti-nutritive properties at normal dietary concentrations to 
justify the inclusion of the corresponding feed enzyme in commercial practice. 
This paper will focus on phytate and phytase to illustrate the development of a 
feed enzyme for application in animal nutrition as phytase is, or is about to be, 
the most commonly feed enzyme. Consideration then will be given to NSP 
enzymes and possible innovations for feed enzymes in animal nutrition, which 
include the simultaneous application of different enzymes.   
 
Phytate and Phytase 
Background 
The substrate for microbial phytase feed enzymes is phytate, a mixed salt of 
phytic acid, (myo-inositol hexaphosphate; C6H18O24P6), in feed ingredients of 
plant origin, which serves as a P reserve for seed germination. In unprocessed 
feedstuffs phytate is mainly present as the hexaphosphate ester (IP6) of myo-
inositol (Kasim & Edwards, 1998) in mineral-phytate complexes involving Mg, 
Ca, K and Na (Cheryan, 1980). Phytate contains about 282 g/kg P (phytate-P), 
which is poorly digested by simple-stomached animals due to insufficient 
phytase activity in the digestive tract. This phytase activity is derived from the 
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gut mucosa and microflora and intrinsic plant phytase of certain ingredients (eg 
wheat and wheat by-products), but is usually considered to be of negligible 
importance. Nevertheless, the extent of phytate-P utilisation by mucosal and/or 
microfloral phytase is probably influenced by the P status of the diet (van der 
Klis & Versteegh, 1996). 
 
The excretion of undigested phytate-P by pigs and poultry and its loss 
into the environment poses an ecological threat to water quality. This prompted 
the introduction of phytase in The Netherlands in 1991 where stringent 
legislation in relation to P (and N) pollution is in place (Lenis & Jongbloed 
1999). In the acidic conditions of the upper digestive tract, phytase 
‘dephosphorylates’ phytate in a step-wise manner to a series of lower myo-
inositol phosphate esters (IP5, IP4, IP3 etc) and ultimately, in theory at least, to 
inorganic P and inositol. The net result is an increase in P absorption and a 
broadly corresponding reduction in P excretion.  
 
 Clearly the dietary concentration of phytate-P is critical in this context. 
It is straightforward to analyse phytate and/or phytate-P contents of individual 
feed ingredients by ‘ferric chloride precipitation’ methods, which are based on 
the principle that ferric ion forms a stable complex with phytate in dilute acid 
solution, as first described by Heubner & Stadler (1914). This permits an 
estimate of the dietary concentration of phytate, which typically ranges from 9-
14 g/kg in broiler diets (Ravindran, 1995) and ranged from 5-14 g/kg phytate in 
eight weaner pig diets (Selle et al. 1997). The concentrations of total P and 
phytate-P in common fed ingredients sourced in Australia are listed in Table 1; 
instructively, the two parameters are significantly correlated.  
 
In broiler chickens, phytase has been shown to increase the ileal 
degradation of phytate from 0.218 to 0.534 in corn-soy diets containing 3.0 
g/kg phytate-P or 10.6 g/kg phytate (Camden et al. 2001); this infers a 31.6% 
‘release’ of phytate-P by phytase. Phytase liberates greater amounts of phytate-
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P in pigs (Yi et al. 1996) and layers (van der Klis et al. 1997) as up to 65% of 
phytate-P may be released, which is probably related to longer gut transit times. 
Increased phytate-P availability and absorption leads to reductions in the 
amount of P excreted; decreases of 29.6% in broilers and 35.2% in pigs have 
been recorded (Simons et al. 1990), without dietary manipulations that can be 
made to enhance this effect. Complete hydrolysis of phytate should be achieved 
by the ‘pre-treatment’ of relevant feed ingredients or complete diets with 
microbial phytase under suitable in vitro conditions. However, the additional 
release of phytate-P may result in an excess of available P and/or Ca:available 
P imbalances (Chesworth et al. 2001), which should be considered.  
  
 The capacity of microbial phytase to increase the availability of phytate-
P and reduce P excretion by pigs and poultry has been extensively documented. 
In practice 500-600 FTU/kg phytase in pigs and broiler diets is equivalent to 
6.4 g/kg dicalcium phosphate (1.15 g/kg P) and, with appropriate dietary 
manipulations, P excretion can be reduced by more than of 30%. 
 
‘Extra-phosphoric effects’ of phytase 
In some of the early assessments, phytase supplementation of P-adequate diets 
resulted in improved growth performance in pigs (Beers & Jongbloed, 1991) 
and broilers (Simons et al. 1990), which were apparently unrelated to phytase 
induced increases in P availability. These so-called ‘extra-phosphoric effects’ 
of phytase (Ravindran, 1995) were clearly demonstrated in young pigs (Table 
3) offered weaner diets with high phytate levels at Corowa, NSW (Campbell et 
al. 1995). As the genesis of these extra-phosphoric effects may be enhanced 
protein and/or energy utilization following phytase supplementation, there is 
increasing interest in these aspects of phytate and phytase.    
 
 It is likely that the magnitude of growth performance and 
nutrient utilisation responses in pigs (Cadogan et al. 1997; Selle et al. 1997) 
and poultry (Cabahug et al. 1999; Ravindran et al. 2000) following phytase 
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supplementation will increase with increasing dietary phytate concentrations. 
While this is a logical outcome it has not been established conclusively. One 
reason for this may be that the incomplete hydrolysis of phytate by 
supplementary phytase in the gastrointestinal tract, which implies the anti-
nutritive effects of phytate are not entirely reflected by responses to phytase 
supplementation.  
 
The ‘protein effect’ of phytate an phytase 
For decades it has been recognised that negatively charged phytate has the 
capacity to bind with positively charged protein, under acidic conditions at less 
than the iso-electric point of protein, to form binary protein-phytate complexes 
(Cosgrove, 1966). It is likely that these complexes are formed mainly, or even 
entirely, de novo in the gut of animals where the solubility and structure of 
dietary phytates and proteins may determine the extent of complex formation. It 
follows that the release of phytate-bound amino acids by phytase would 
enhance protein digestibility (Officer & Batterham, 1992a). At Camden, 
phytase has had a consistent, positive effect on the apparent ileal digestibility 
(AID) of amino acids in broiler chicks mainly offered wheat-based diets 
(Ravindran et al. 1999b; 2000; 2001).     
 
However, the ‘protein effect’ of phytate and phytase is still subject to 
debate due to conflicting results and an incomplete understanding of the 
underlying mechanisms. Workers from Illinois University have argued that 
phytase does not enhance protein utilisation (Peter et al. 2000, Peter & Baker 
2001). Recently, Traylor et al. (2001) concluded that phytase had little effect 
on the AID of amino acids of dehulled soyabean meal in cannulated pigs. In 
contrast, Ravindran et al. (1999a) found that phytase increased (P < 0.05) the 
average AID of 14 amino acids of soybean meal by 4.2% from 0.816 to 0.850 
in broiler chickens. Improvements in digestibility of indispensable amino acids 
ranged from 2.3% (arginine) to 8.0% (threonine) where, as is usual, ileal 
digesta contents were sampled from euthanased birds. These results are 
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consistent with the findings that phytase increased the utilisation of soyabean 
meal protein in pigs (Biehl & Baker, 1996) and broilers (Biehl & Baker, 1997). 
Moreover, the inclusion of phytase in grower pig diets based on soyabean meal 
has been shown to increase growth performance, protein deposition and 
retention in a pivotal study (Ketaren et al. 1993), although increased P 
availability may have contributed to the responses. 
 
The conflicting results are evident from a comparison of the effects of 
supplementary phytase on AID of amino acids of Linola meal (Officer & 
Batterham, 1992ab) and dehulled soyabean meal (Traylor et al. 2001) in pigs 
(Table 2). Phytase substantially increased the average digestibility of amino 
acids in Linola meal (14.4%) but had little effect on soyabean meal (0.9%). 
Two differences are noteworthy; the inherent digestibility of amino acids in 
Linola meal was poor (average: 62.7%) in relation to soyabean meal (86.0%). It 
is not surprising that phytase is more effective when supplementing sources of 
poorly digestible amino acids. Also ileal digesta samples to determine the AID 
of amino acids were taken from slaughtered animals in the first study but 
cannulation procedures were used in the second study. Importantly, phytase is 
apparently more effective when ileal digesta samples are taken from 
slaughtered rather than cannulated pigs, which was clearly demonstrated in one 
study where both procedures were used (Kornegay et al. 1998). 
 
It is only possible to speculate as to the reasons for phytase’s apparently 
greater impact on the AID of amino acids when ileal digesta samples are taken 
from slaughtered rather than cannulated pigs. One factor may be that pigs are 
usually fed ad libitum in association with slaughter techniques but on a 
restricted basis with cannulation procedures. It is then relevant that, in relation 
to enzyme supplementation of hulless barley-based broiler diets, Scott et al. 
(2001) concluded that the impact of β-glucanase on nutrient digestibility and 
absorption might be reduced when feed intake is restricted and that bioassays of 
feed enzymes should be conducted with ad libitum feeding regimen.  
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 Several other factors may be involved, including the effects of surgical 
intervention, which may exacerbate endogenous amino acid losses that mask 
the efficacy of phytase (Selle et al. 2000). Interestingly, the effects of heat 
treatment of protein sources on AID of amino acids in pigs were more 
pronounced when assessed with slaughter techniques than by cannulation 
procedures (van Barneveld et al. 1991). In any adjudication of the protein effect 
of phytate and phytase the accuracy of cannulation versus slaughter techniques 
for the determination of AID of amino acids pigs needs to be resolved.     
 
 More fundamentally, the anti-nutritive properties of phytate in relation 
to protein digestibility have not been clearly identified. For example, on the 
basis of some in vitro evidence, phytate may inhibit trypsin activity (Singh & 
Krikorian, 1982; Caldwell, 1992), which would have obvious relevance. 
However, this proposition has not met unanimous agreement nor does there 
appear to be any supportive in vivo data (Selle et al. 2000). The propensity for 
protein from different sources to be bound by phytate is considered to be 
variable (Champagne, 1988). The in vitro formation of protein-phytate 
complexes has been demonstrated in wheat (Hill & Tyler, 1954). While strong 
associations between phytate and several soyabean albumins were found, 
O’Dell & de Boland (1976) did not detect any binding between phytate and 
water-soluble, corn germ proteins. These workers argued that relevant basic 
amino acids in corn protein may not be accessible to phytate for complex 
formation. In broilers, phytase enhanced the digestibility of amino acids from 
wheat to a greater extent than those from maize in a direct comparison 
(Ravindran et al. 1999), which is consistent with the in vitro findings. It follows 
that if the formation of protein-phytate complexes is critical; phytase would be 
more effective in a typical Australian wheat-based diet than a classic corn/soy 
diet. In terms of phytase enhancing amino acid digestibilities and growth 
performance this is consistent with the thrust of the data in the literature.  
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 The capacity of negatively charged phytate to bind with terminal α-
amino groups and residues of basic amino acids (arginine, histidine, lysine) at 
acidic pH to form protein-phytate complexes has been demonstrated by a 
number of researchers (Barre & Nguyen-Van-Hout, 1965; Arnone & Perutz, 
1974 and Okuba et al. 1976). More recently, Rajendran & Prakash (1993) 
investigated the kinetics and thermodynamics of the interaction between 
sodium phytate and α-globulin from sesame seed. Protein-phytate complex 
formation was a two-stage process; an initial rapid step driven by electrostatic 
attraction, followed by a second slower step where protein-protein aggregation 
led to precipitation of the protein-phytate complex. The interaction was 
dependent on the phytate:protein ratio and was most pronounced at pH 2.3. As 
suggested earlier (Wise 1983), this implies that at low pH, phytate can bind 
with relatively large amounts of protein to form insoluble complexes. 
 
Importantly, these protein-phytate complexes are refractory to pepsin 
digestion, which was first demonstrated by Camus & Laporte (1976) and has 
been confirmed by several subsequent reports. Vaintraub & Bulmaga (1991) 
concluded that phytate renders protein less susceptible to pepsin hydrolysis by 
complexing with the substrate and changing its structure and reducing its 
solubility, which is most evident at pH 2-3. 
 
The formation of pepsin refractory, protein-phytate complexes in the 
stomach, probably involving a relatively high proportion of dietary protein, is 
considered central to the negative protein effect of phytate. On the other hand, 
microbial phytase has a low pH optimum, compatible with gastric conditions 
where phytate is most soluble (Campbell & Bedford, 1992). Microbial phytase 
has been shown to be most active in the acidic conditions of the pig’s stomach 
(Jongbloed et al. 1992, Yi & Kornegay 1996), which is consistent with its bi-
phasic peaks of activity at pH 2.5 and 5.5 (Simons et al. 1990). Presuming that 
protein-phytate complexes are mainly formed de novo in the stomach, it 
 8
follows that, by the prior hydrolysis of phytate, microbial phytase may largely 
prevent their formation.  
 
The formation of binary protein-phytate complexes in the stomach 
would directly interfere with pepsin’s initiation of the of the protein digestive 
process. Additionally, protein that was complexed in the stomach may remain 
less digestible in the small intestine as a result of structural changes although, 
in theory, binary complexes dissociate as gut pH exceeds the iso-electric point 
of protein. However, peptide end-products of pepsin digestion stimulate the 
release of enteric hormones, including cholecystokinin (CCK) and gastrin, 
which are involved in regulating the pancreatic phase of protein digestion 
(Hopfer, 1997). Possibly phytate has an indirect effect on protein digestion by 
disrupting the normal regulatory role of pepsin and modifying pancreatic 
secretion of proteolytic enzymes, as inferred by Szkudelski (1997). 
 
 Other factors may be involved. At ‘intestinal pH’ phytate is still 
capable of binding with protein via a cationic bridge (usually Ca) to form 
ternary protein-phytate complexes. However, phytate may not be able to bind 
sufficient protein in ternary complexes to have a negative impact (Champagne 
et al. 1990). It is possible that the prevention of the de novo formation of 
protein-phytate complexes in the upper digestive tract by the prior hydrolysis of 
phytate is the basis of the protein effect of supplementary phytase. If this is the 
case, then phytases generated by the mucosa and microflora of the small and 
large intestines would not have a similar impact on protein, (while they could 
release phytate-P). Plant phytase may be present in the upper digestive tract but 
it is not as effective as microbial phytase (Eeckhout & de Paepe 1991), it may 
be inactivated by very low pH (Phillipy 1999) and is unlikely to withstand high 
pelleting temperatures (Jongbloed & Kemme, 1990). Consequently the protein 
effect of the enzyme may be limited to supplementary microbial phytase. 
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The ‘energy effect’ of phytate an phytase 
As clearly demonstrated by Ravindran et al. (2001), microbial phytase 
increases energy utilisation by broiler chicks as measured by apparent 
metabolisable energy (AME) of diets and, as summarised in Tables 4 and 5, the 
positive effects of phytase supplementation on dietary AME values are 
consistent in broilers (if not pigs). These enhancements exceed the increase in 
energy that would be derived from enhanced protein digestibility and it appears 
that phytase has additional positive influences on energy utilisation from both 
carbohydrate and lipid sources (Baker, 1998). The mechanisms by which 
phytate depresses energy utilisation are not clear but may be related to starch 
digestion as phytate reduces post-prandial blood glucose responses in humans 
(Thompson 1988ab), possibly via inhibition of α-amylase activity (Sharma et 
al. 1978). Also insoluble metallic soaps in the gut lumen of poultry are a major 
constraint on the utilisation of energy from fats (Leeson, 1993). It is likely that 
Ca-phytate mineral complexes are involved in soap formation and their 
reduction by phytase should have a positive influence on lipid digestion 
(Ravindran et al. 2000). 
 
Although the energy effect of phytate and phytase has not been 
elucidated it is relevant that microbial phytase has been shown to increase the 
AID of starch, fat, protein (and P) in broilers on corn/soy diets (Camden et al. 
2001). While these increases are subtle, phytase also increased feed intakes, 
which means the rate of absorption of these nutrients at the ileal level was 
greater following phytase supplementation. 
 
Summary 
The anti-nutritive effects of phytate appear multi-faceted as they influence the 
utilisation of phosphorus (plus other minerals), protein and energy by pigs and 
poultry and the needless excretion of P and N is an ecological issue. Inevitably, 
responses to phytase inclusion are variable. Several factors are involved which 
probably include sources of phytate (eg maize versus wheat), concentrations of 
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phytate in the diet, sources of protein and inclusion levels of phytase. The 
desirability of ‘narrow’ Ca:P ratios in association with phytase supplementation 
is established and the direct and indirect impacts of inorganic P and Ca sources 
on phytase activity in the gut may have real relevance. For example, Lei & 
Stahl (2000) argued that phytase is more efficacious in diets with low levels of 
inorganic P, because P is the end-product of phytate hydrolysis and inhibits the 
catalytic activity of phytase. Greater advantage of phytase supplementation 
probably could be taken if the underlying mechanics of these anti-nutritive 
properties and the sources of variation in responses to phytase were better 
understood; further research to identify these factors is warranted. 
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Non-starch polysaccharides 
Arabinoxylan and xylanase 
While the use of β-glucanases in barley based diets took precedence, presently 
the inclusion of NSP enzymes with predominantly xylanase activity in wheat-
based poultry diets is routine and interest in the use of xylanase in diets for 
swine is increasing (Choct & Cadogan, 2001). The energy density of wheat is 
variable (Mollah et al. 1983); wheat with a metabolisable energy (ME) content 
of less than 13 MJ/kg (DM) is considered to be ‘low-ME’ wheat. The 
development of xylanase feed enzymes stemmed from the recognition that the 
ME content of wheat was negatively correlated with the concentration of non-
starch polysaccharides, including arabinoxylan (Annison, 1991; Annison & 
Choct, 1991). 
 
 Arabinoxylan is a constituent of cell walls of wheat, including the 
starchy endosperm. It is likely that the partial degradation of NSP cell wall 
components by xylanase either releases cellular constituents and/or facilitates 
access of digestive enzymes to their substrates. Also, soluble NSP increase the 
viscosity of intestinal contents (‘gut viscosity’) which has a negative influence 
on digestive processes but, by depolymerising NSP, xylanase reduces gut 
viscosity and ameliorates their adverse effects. Thus the benefits of xylanase 
revolves around releasing ‘trapped nutrients’ and reducing gut viscosity and the 
relative merits of these two properties remain under discussion. 
 
 The inclusion of, essentially, xylanase and β-glucanase in poultry diets 
based on ‘viscous’ grains (wheat, rye, triticale, barley, oats) has been very 
extensively documented in the literature as reviewed by Bedford & Schulze 
(1998). These authors contend that increased gut viscosity caused by soluble 
NSP is the critical anti-nutritive factor. They argue that increased intestinal 
digesta viscosity has been shown to (i) reduce the rate of passage, (ii) reduce 
the diffusion of digestive enzymes, their substrates and end-products, (iii) 
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promote the secretion of endogenous enzymes and (iv) stimulate bacterial 
proliferation, particularly in the small intestine.  
 
 Supplementation of wheat-based poultry diets with xylanase increases 
dietary AME values, particularly when the wheat is inherently of poor quality 
(ie high NSP content and low-ME). However, xylanase also increases the AID 
of amino acids (Bedford et al. 1998) which probably involves increased 
digestibility of dietary amino acids and, possibly more importantly, reduced 
endogenous amino acid losses.  This in turn stems from their increased 
excretion but also the increased reabsorption of endogenous amino acids 
(Nyachoti et al. 2000). To illustrate this, the addition of xylanases to diets 
containing 918 g/kg wheat increased the AME of wheat from 12.35 to an 
average of 14.29 MJ/kg on a dry matter basis. Also xylanase inclusion 
increased the AID of N from 0.795 to 0.853 and overall mean digestibility of 
amino acids from 0.784 to 0.842 (Hew et al. 1998).  
 
Predictably, responses to the inclusion of xyalanase in wheat-based 
broiler diets will vary with the ME (and arabinoxylan) content of the wheat in 
question. This was demonstrated by Choct (1998) where the addition of 
xylanases to low-ME wheat increased gain (23.6%) feed efficiency (5.5%) and 
AME (1.22 MJ/kg DM) in a short term feeding study. The corresponding 
figures following the addition of xylanases to normal wheat were 4.8%, 3.3% 
and – 0.20 MJ/kg respectively. Similar findings are shown as Table 6 taken 
from unpublished data. Basically, the addition of xylanase to good quality 
wheat is not particularly beneficial, but the reverse is the case when the wheat 
is of poor quality. The profound effects of different wheat types on weaner pig 
performance has been reported by Cadogan et al. (1999); where feed intake 
ranged from 271 to 514 g/day with 10 different wheat cultivars. However, a 
feed enzyme with affinities for both soluble and insoluble NSP components of 
wheat eliminated these differences (Choct et al. 1998). A rapid means of 
determining wheat quality in this context is, therefore, clearly desirable. 
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 Vegetable proteins such as soybean meal, canola meal and lupins 
contain soluble and insoluble pectic polysaccharides and, as reviewed by 
Kocher (2001), a number of multi-enzymes have been evaluated in broiler 
diets. However, NSP components of vegetable proteins do not exhibit the 
strong anti-nutritive properties that are evident in wheat and barley and 
responses to enzyme supplementation are equivocal. Nevertheless, this does not 
preclude the possibility of ‘pre-treating’ vegetable protein sources in the future 
with appropriate feed enzymes if the costs of processing are not prohibitive. 
 
The simultaneous inclusion of feed enzymes in diets 
Phytase + xylanase 
In practice many single feed enzyme preparations have one or more ‘side-
activities’ in addition to their main activity; this is particularly the case with 
NSP feed enzymes which is often perceived as an advantage. However, 
numerous evaluations of the inclusion of two or more different feed enzyme 
entities in monogastric diets have been completed. 
 
The simultaneous inclusion of phytase and xylanase in wheat-based 
poultry diets displays promise for the utilisation of phytate-P (Zyla et al. 1999) 
protein/amino acids and energy (Ravindran et al. 1999b). Synergistic responses 
in AID of alanine, histidine, glycine, leucine, lysine, methionine, phenylalanine 
and tyrosine were observed following the use of phytase and xylanase in 
tandem in one Camden study (Ravindran et al. 1999b). In a second study 
similar synergistic responses were recorded for alanine, aspartic acid, glutamic 
acid, glycine, histidine, isoleucine, phenylalanine, threonine, tyrosine and 
valine (unpublished data). Consequently the evaluation of this approach from a 
practical standpoint is ongoing (Selle et al. 2001; 2002). The results from the 
second paper cited are presented as Table 7; where the inclusion of phytase + 
xylanase in broiler diets based on two different wheats were assessed. Wheat B 
had a lower phytate content and a higher estimated energy density (and 
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presumably a lower soluble arabinoxylan content) than wheat A. Not 
surprisingly birds performed better on wheat B diets and were less responsive 
to enzyme supplementation. However, significant (or near-significant) 
interactions between wheat type and enzyme addition were observed for growth 
rate, feed conversion and N retention; but not dietary AME. 
 
 Phytate is concentrated in the aleurone layer of wheat. It has been 
demonstrated in vitro that xylanase liberates protein from the aleurone 
presumably by enhancing the access of proteolytic enzymes to their substrates 
(Parkkonen et al. 1997). The implication is that xylanase would similarly 
render phytate more accessible to phytase. Also phytase and xylanase may 
enhance apparent ileal digestibility of amino acids by complementary modes of 
action. It is accepted that xylanase reduces endogenous amino acid losses 
whereas phytase may enhance the digestibility of dietary amino acids to a 
relatively greater extent. These two factors may be the mechanisms underlying 
the synergistic increases in AID of amino acids observed with the simultaneous 
use of phytase and xylanase in broiler chicks. It is uncertain if the advantages 
of using phytase plus xylanase in poultry extend to pigs (Cadogan & Selle, 
1999).    
 
 
The future 
 
The safest prediction is that the current inclusion of, essentially, phytase, 
xylanase and β-glucanase in pig and poultry diets, which has emerged in the 
last 10 years, is but the first wave of feed enzyme usage in animal nutrition. For 
example a limited number of ruminant feed enzymes are commercially 
available in North America, where primarily xylanases and cellulases facilitate 
rumen fermentation, and their application in dairy cows is expected to increase 
(Beauchemin et al. 2001). 
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Perhaps the Aquaculture industry has the greatest need to take 
advantage of feed enzymes with the capacity to increase utilisation of protein 
from vegetable feed ingredients. OECD has identified the practice of feeding 
marine proteins (fishmeal, trash fish) to carnivorous farmed-fish (eg salmon) as 
the ‘fishmeal trap’. It may be that feed enzymes will reduce the reliance of 
Aquaculture on proteins of marine origin, which is a limiting factor for 
intensive fish-farming. 
 
 The use of antimicrobial growth-promoting agents in intensive animal 
production is under substantial pressure with the increasing development of 
antibiotic resistance in humans. Restrictions being placed on their use have 
prompted a search for alternative growth promotants. Conceivably feed 
enzymes may be developed which, directly or indirectly, could reduce the gut 
microfloral population. Modification of the microflora in the proximal gut of 
swine is thought to be the basis of improved growth performance to 
antimicrobial growth promotants (Anderson et al. 2000). This raises the 
possibility that ‘growth promotant feed enzymes’ may be developed.   
 
 Seven years ago it was predicted that advances in enzyme production 
technology and understanding of antinutrients present in soyabean meal would 
soon see the widespread use of enzymes in North America (Bedford, 1995). 
While this prediction was premature, the benefits of enzyme addition to both 
animal performance and environmental pollution, as stressed by the author, are 
very real. It is inevitable that the use of a variety of single and combination feed 
enzymes in intensive animal production will become increasingly 
commonplace.  
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Table 1 Total P and phytate-P concentrations (mean and [range]), their relationships and intrinsic phytase activity of common 
feed ingredients sourced in Australia.  
 
Feed ingredient Number of 
samples 
Total P 
(mg/100g) 
Phytate-P 
(mg/100g) 
Proportion 
Phytate-P of P (%) 
Correlation 
coefficient (r) 
Phytase activity 
(FTU/kg) 
 
Barley 
 
 
Sorghum 
 
 
Wheat 
 
 
Canola meal 
 
 
Cottonseed meal 
 
 
Soyabean meal 
 
 
Rice bran 
 
 
Wheat by-products 
 
 
6 
 
 
15 
 
 
37 
 
 
16 
 
 
11 
 
 
22 
 
 
16 
 
 
7 
 
 
273 
[225-300] 
 
292 
[205-430] 
 
308 
[200-395] 
 
876 
[725-1050] 
 
1136 
[960-1320] 
 
666 
[570-770] 
 
1751 
[1340-2090] 
 
802 
[505-1194] 
 
 
186 
[105-225] 
 
241 
[170-370] 
 
220 
[135-320] 
 
669 
[520-880] 
 
911 
[795-1050] 
 
453 
[400-540] 
 
1583 
[1260-1990] 
 
700 
[435-1027] 
 
67.3 
 
 
82.7 
 
 
74.9 
 
 
76.4 
 
 
80.5 
 
 
68.3 
 
 
90.2 
 
 
87.3 
 
0.956 
[P = 0.003] 
 
0.857 
[P = 0.000] 
 
0.933 
[P = 0.000] 
 
0.874 
[P = 0.000] 
 
0.790 
[P = 0.004] 
 
0.539 
[P = 0.010] 
 
0.954 
[P = 0.000] 
 
0.982 
[P = 0.000] 
 
 
348 
 
 
35 
 
 
503 
 
 
<10 
 
 
11 
 
 
42 
 
 
129 
 
 
2173 
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Table 2 Comparison of supplementary phytase effects on apparent ileal digestibility of amino acids of Linola meal in 
slaughtered pigs1 and dehulled soyabean meal in cannulated pigs2. 
 
1Officer & Batterham (1992a,b)  2Traylor et al. (2001)  
Amino acid Control Phytase 
(1000 FTU/kg) 
Response 
(%) 
 Control Phytase 
(500 FTU/kg) 
Response 
(%) 
 
Crude protein (N) 
 
Cystine 
Histidine 
Isoleucine 
Leucine 
Lysine 
Methionine 
Phenylalanine 
Threonine 
Tyrosine 
Valine 
 
Mean (amino acids) 
 
0.53 
 
0.68 
0.57 
0.65 
0.64 
0.59 
0.71 
0.67 
0.50 
0.63 
0.63 
 
0.627 
 
0.65 
 
0.81 
0.69 
0.72 
0.72 
0.71 
0.75 
0.74 
0.62 
0.69 
0.70 
 
0.715 
 
22.6 
 
19.1 
21.1 
10.8 
12.5 
20.3 
5.6 
10.4 
24.0 
9.5 
11.1 
 
14.4 
  
0.860 
 
0.822 
0.894 
0.879 
0.864 
0.899 
0.902 
0.825 
0.805 
0.856 
0.858 
 
0.860 
 
0.868 
 
0.827 
0.898 
0.888 
0.876 
0.907 
0.906 
0.834 
0.813 
0.868 
0.866 
 
0.868 
 
1.1 
 
0.6 
0.4 
1.0 
1.4 
0.9 
0.4 
1.1 
1.0 
1.4 
0.9 
 
0.9 
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Table 3  Effects of dietary available P and phytase supplementation on growth performance of pigs from 19 to 40 days 
post-weaning (after Campbell et al. 1995). 
 
Treatments  Growth performance 
Available P 
(g/kg) 
Phytase 
(FTU/kg) 
Daily gain 
(g) 
Feed intake 
(g/day) 
Feed:Gain 
(g/g) 
 
1.50 
1.50 
 
2.50 
2.50 
 
3.50 
3.50 
 
4.50 
4.50 
 
Significance (P = ) 
Available P 
Phytase 
Interaction 
 
0 
500 
 
0 
500 
 
0 
500 
 
0 
500 
 
403 
472 
 
481 
540 
 
530 
629 
 
540 
595 
 
 
0.001 
0.004 
0.939 
 
640 
740 
 
720 
770 
 
800 
850 
 
820 
820 
 
 
0.133 
0.175 
0.790 
 
1.58 
1.56 
 
1.48 
1.42 
 
1.51 
1.40 
 
1.55 
1.38 
 
 
0.307 
0.093 
0.739 
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 Table 4 The effects of phytase supplementation (400-800 FTU/kg) on apparent metabolisable energy in 
broiler chickens [partial summary of SU Camden data]. 
 
Apparent metabolisable energy 
(MJ/kg DM) 
 
Study 
Phytase 
addition 
(FTU/kg) Nil  Phytase 
Increase 
(MJ/kg 
DM) 
 
 
Experiment 6.1
 
Experiment 7.1
Experiment 7.2
Experiment 7.2
 
Experiment 8.1
Experiment 8.2
Experiment 8.3
 
Mean 
 
 
 
600 
 
600 
400 
800 
 
600 
500 
600 
 
586 
 
 
14.22 
 
14.52 
13.81 
13.81 
 
11.81 
13.79 
13.00 
 
13.566 
  
 
14.64 
 
14.99 
14.30 
14.07 
 
12.31 
14.38 
13.28 
 
13.996 
 
 
0.42 
 
0.47 
0.49 
0.26 
 
0.50 
0.59 
0.28 
 
0.43 
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 Table 5 A summary of the effects of microbial phytase supplementation of poultry diets on apparent metabolisable energy.  
 
 
AME (MJ/kg) 
 
Reference 
 
Phytase added 
(FTU/kg) Nil Phytase 
 
Significance 
(P <) 
 
Comments 
 
Farrell et al. (1992) 
 
Farrell & Martin, (1993) 
 
Ledoux et al. (1999) 
 
Namkung & Leeson, (1999) 
 
Ravindran et al. (1999c) 
 
 
 
Ravindran et al. (2000) 
 
 
Selle et al. (1999) 
 
 
Average values 
 
 
750 
 
na 
 
600 
 
1,149 
 
600 
600 
600 
 
400 
800 
 
600 
600 
 
677 
 
 
12.8 
 
14.3 
 
12.3 
 
11.9 
 
11.1 
13.6 
12.4 
 
13.0 
13.0 
 
12.6 
12.4 
 
12.67 
 
13.1 
 
15.1 
 
12.7 
 
12.2 
 
11.7 
14.2 
12.7 
 
13.4 
13.5 
 
12.9 
12.9 
 
13.13 
 
0.01 
 
0.05 
 
0.01 
 
0.01 
 
- 
0.05 
- 
 
0.001 
0.001 
 
0.001 
0.001 
 
- 
 
Sorghum, MEn  
 
Naked oats 
 
Linear effect, maize, turkey poults 
 
Maize, MEn 
 
‘Low-ME’ wheat 
Wheat 
Barley 
 
Wheat-sorghum 
Wheat-sorghum 
 
Sorghum 
Sorghum 
 
Increase in AME: 0.46 MJ/kg  
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Table 6  Influence of xylanase on growth performance, apparent ileal digestibility coefficients and AME of broiler diets based 
on two different wheat types* (Spelderholt Experiment 1016.02). 
 
Growth performance  Apparent ileal digestibility coefficients  
 
Treatments 
Gain 
(gain/bird/day) 
Feed intake 
(gain/bird/day) 
Feed efficiency 
(g/g) 
 
Fat 
 
Protein 
 
Starch 
 
AME 
(MJ/kg DM) 
 
Wheat A 
Plus xylanase 
 
Wheat B 
Plus xylanase 
 
Responses (%) 
Wheat A 
Wheat B 
 
 
64.9 
65.5 
 
60.0 
62.4 
 
 
0.9 
4.0 
 
132 
130 
 
137 
131 
 
 
[1.5] 
[4.4] 
 
2.04 
2.00 
 
2.29 
2.11 
 
 
2.0 
7.9 
 
0.729 
0.744 
 
0.622 
0.750 
 
 
2.1 
20.6 
 
0.790 
0.788 
 
0.741 
0.800 
 
 
[0.3] 
8.0 
 
0.949 
0.914 
 
0.848 
0.903 
 
 
[3.7] 
6.5 
 
13.67 
13.57 
 
12.14 
13.32 
 
 
[0.7] 
9.7 
*wheat A Taurus ‘low viscosity’; wheat B Apollo ‘high viscosity’. 
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Table 7 Effects of diets based on different wheats with phytase1 (510 FTU/kg) plus xylanase2 (1,976 EXU/kg) supplementation 
on growth performance, intestinal viscosity, AME and N retention of broiler chickens from 4-24 days post hatch. 
 
Treatments 
 
Growth 
(g/bird) 
 
Intake 
(g/bird) 
 
Feed: 
Gain 
 
Intestinal 
viscosity 
(cPs) 
AME 
(MJ/kg DM) 
N retention 
(%) 
 
 
Wheat A diet 
Nil 
Phytase + xylanase 
Wheat B diet 
Nil 
Phytase + xylanase 
 
SEM 
 
Significance 
Wheat-based diet 
Phytase + xylanase 
Interaction 
 
 
767 
885 
 
906 
957 
 
17.01 
 
 
0.000 
0.000 
0.060 
 
 
1204 
1290 
 
1326 
1394 
 
29.73 
 
 
0.001 
0.015 
0.777 
 
 
1.57 
1.46 
 
1.46 
1.46 
 
0.019 
 
 
0.006 
0.003 
0.009 
 
 
8.79 
3.73 
 
10.21 
4.66 
 
0.866 
 
 
0.186 
0.000 
0.780 
 
 
13.0 
13.9 
 
14.2 
14.8 
 
0.130 
 
 
0.000 
0.000 
0.302 
 
 
53.3 
58.4 
 
61.0 
62.5 
 
0.888 
 
 
0.000 
0.001 
0.053 
 
1Natuphos®, 2Natugrain® Blend, supplied by BASF Aktiengesellschaft.  
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1Feed Enzymes 
in
Animal Nutrition
Peter H Selle
Verbal statement (1989):
‘The only problem with these 
feed enzymes
is that they simply do not work!’
AVI Meeting in London, speaker’s name withheld.
Quote from Feedstuffs (1999)
‘Globally, 80% of wheat-based broiler 
diets are supplemented with an NSP 
enzyme’
[Silversides + Bedford]
Global feed production: 
~792 million tonnes
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World Market Enzymes 2000 
Total: US$ 1.5 billion
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2Poultry
consumption: 32.6 kg 
~3 mio tonnes of feed
production: 659,000 tonnes
Producers: Inghams*, Bartters*, 
Baiada*, Red Lea, Cordina, 
Woodlands*, Darwalla*, Eatmore, 
Hazeldene  etc 
*integrated operations
Pigs
consumption: 18.6 kg
~2 mio tonnes of feed
341,000 sows
5.741 mio pigs slaughtered 
production: 391,000 tonnes
EXPORTS!
Producers: Bunge Meat Industries
[QAF] ~60,000 sows
# ‘NSP enzymes’ in wheat and 
barley-based poultry diets
# Phytase in [all] 
pig and poultry diets
NSP enzymes
• wheat
• arabinoxlyan
• xylanase
• barley
• β-glucans
• β-glucanase
Phytase
• phytate, the mixed salt of phytic acid is present 
in all feed ingredients of plant origin
• phytate consists of 28.2% phosphorus [P] but is 
poorly available to monogastrics
• unabsorbed phytate-P is lost into the 
environment where it is a pollutant 
• phytase [origin: plant, gut mucosa & 
microflora, exogenous microbial phytase] is 
required to ‘de-phosphorylate’ phytate
1907 - plant phytase was identified
1964 - development of a phytase feed enzyme 
started 
1991 - introduced in The Netherlands as ‘an 
environmentally-friendly feed additive’
post 1991 - used as an alternative source of 
inorganic P
3‘Extra-phosphoric’ effects of phytase
macro + trace minerals - eg zinc
Protein 
[protein-phytate complexes]
Energy
[more pronounced in broilers > pigs. 
Slight additive increases in energy 
utilisation ex protein, fat and starch?]
Effects of avail. P and phytase on gain 
in weaner pigs [Campbell et al 1995]
0
100
200
300
400
500
600
700
0.15% 0.25% 0.35% 0.45% aP
Nil
Phytase
17.1%
12.3%
18.7% 10.2%
Effects of avail P and phytase on 
feed conversion of weaner pigs
1.25
1.3
1.35
1.4
1.45
1.5
1.55
1.6
0.15% 0.25% 0.35% 0.45% aP
Nil
Phytase
1.3%
4.1%
7.3%
11.0%
Phytate is both an
indigestible nutrient1 and an
anti-nutritive factor2
1Phosphorus
2Protein, Energy, Minerals
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Phytic acid, myo-inositol hexaphosphate, phytate
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4The ‘protein effect’ 
of phytate and phytase 
is the subject of debate
                                 H  O
OPO3H
-+H3N-C-C-O~protein
                         H
P
P
P
P
  Binary protein-phytate complex
P
P P
P
P
P
Binary protein-phytate complex formation:
a two-step preocess
phytate electrostatic,
fast 1st step
 aggregation,
  slow 2nd step
protein BINARY PROTEIN-PHYTATE 
COMPLEXES
Phytate complexes a substantial amount 
of dietary protein
Complexed protein is refractory to pepsin 
activity
Phytase may largely prevent their de novo
formation in the upper gut
PEPSIN REFRACTORY PROTEIN-
PHYTATE COMPLEXES
Direct: initiation of protein digestion on 
the gut and subsequent digestibility of 
bound protein
Indirect: pepsin end-products stimulate 
release of CCK and gastrin which control 
the pancreatic phase of protein digestion
Effect of phytase on protein deposition 
(g/day) in grower pigs (Ketaren et al 1993)
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5Effect of phytase on protein retention (%) 
in grower pigs (Ketaren et al 1993)
[protein retained as % of intake]
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Effect of phytase on AID of amino acids in 
Linola and soyabean meals in pigs
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Increases (%) in AID of amino acids to 500 
FTU/kg phytase in either cannulated or 
slaughtered pigs [Kornegay et al 1998]
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Increases in AID coefficient of amino 
acids of maize or wheat; 1200 FTU/kg 
phytase in broilers [Ravindran et al 1999]
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Mean % increases [n = 5] in AID of amino 
acids in wheat/sorghum broiler diets with 
phytase: summary of SU data
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‘Energy effect’ - increase in AME by 
3.2% from 13.6 to 14.0 MJ/kg [n = 7].
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6Effect of increasing levels of phytase on AME of 
wheat+sorghum broiler diets 
[Ravindran et al 2001]
13.9
14
14.1
14.2
14.3
14.4
14.5
14.6
14.7
14.8
0 125 250 375 500 750 1000
FTU/kgMJ/kg DM
Phytate degradability: 0.218 ⇒ 0.511 
[134%]
Gain: 766 ⇒ 845 g/bird [10.3%]
Intake: 1100 ⇒ 1162 g/bird [5.6%] 
Conversion: 1.44 ⇒ 1.37:1 [4.9%]
Camden et al (2001)
Effect on phytase on AID in 
corn/soy broiler diets
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Mean performance responses to phytase, P 
adequate wheat/sorghum broiler diets 
diets, [n = 12] SU Camden data.
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Dietary substrate level of phytate
mediates responses to 
supplementation with the enzyme, 
phytase
[and the amount of phytate-P 
released]
7Effect of dietary phytate and microbial 
phytase on feed efficiency of weaner pigs 
(Cadogan et al 1997)
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Effect of dietary phytate and microbial 
phytase on growth of weaner pigs 
(Cadogan et al 1997)
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Polysaccharides
Cellulose
including soluble and insoluble arabinoxylans and
mixed-linked beta-glucans
Non-cellulosic polymers Pectic polysaccharides
Non-starch polysaccharides starch (alpha-glucans)
Polysaccharides
NSP contents in cereals (g/kg)
[Englyst, 1989]
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Wheat with an AME content of 
< 13.0 MJ/kg DM is deemed 
‘low-ME’ wheat
‘New season’ wheat
Effect of xylanase on AME of broiler 
diets based on two different wheats
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8Mode of action of NSP enzymes:
Release of ‘trapped nutrients’
Reductions in gut viscosity
Other mechanisms involving enteric 
hormones?
Soluble NSP’s: 
Impact of gut viscosity
• Reduce rate of passage in GIT
• Reduce diffusion of enzymes, substrates 
and end-products
• Increase secretion of endogenous 
enzymes
• Stimulate bacterial proliferation (SI)
Polysaccharides in vegetable protein meals 
eg soyabean meal [217 g/kg]
canola meal [154 g/kg]
lupins [333 g/kg] etc
Responses to enzyme supplementation are 
equivocal
Pre-treatment of specific ingredient?
Simultaneous inclusion of 
different feed enzymes
eg: phytase + xylanase
Growth
wheat A + 15.4%; wheat B + 5.6%
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Conversion
wheat A + 7.0%; wheat B  0%
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1.57
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9N retention
wheat A + 9.6%; wheat B + 2.5%
48
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64
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control
phy + xyl
53.3
58.4
61.0 62.5
Probabilities
Gain Intake FCR Viscos AME N
retent
Wheat 0.000 0.001 0.006 0.186 0.000 0.000
Phy +
Xyl
0.000 0.015 0.003 0.000 0.000 0.001
Interact
-ion
0.060 0.777 0.009 0.780 0.302 0.053
‘protein-driven’ interactions
phytase + xylanase:
complementary modes of 
action?
greater substrate access?
Bedford & Schulze (1998):
‘The current enzymes being 
utilised in animal feeds are but 
the first wave of discovery’
Effect of feed enzymes in broilers with 
an E coli outbreak 
[1-14 days post hatch]
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23.4%
24.4%
1.35:1 12.6%
7.4%
(P < 0.01)
The inclusion of ‘antibiotics’ in animal feeds is 
diminishing due to the possibility of cross-
resistance to human pathogens
This loss of growth promotant antimicrobial 
feed additives is creating a vacuum 
Feed enzymes with growth promotant 
capabilities
due to direct/indirect impact on gut microflora  
Real mode of action of antibiotic growth 
promotants?
10
Acceptance of feed enzymes in 
2010 in animal nutrition?
Existing enzymes ⇑⇑⇑
New enzymes ???
  
 
 
 
Enzymes in baking 
John Russell 
Cerealtech Pty Ltd Singapore 
1Enzymes in the Baking Industry
An Overview
2
Introduction
 What are enzymes? How do they function?
 What are the sources of enzymes in the 
bakery?
 Why are enzymes used in baking?
 What types of enzymes are used? 
 What is the functionality of these enzymes?
 Practical Application
 Summary
3What are enzymes?
 Enzymes are proteins with a specific bio-catalytic 
action.
 Classified by reactions they catalyse
 Examples:
– Starch/Amylase/Sugar
– Pentosan/Pentosanase/Xylose
– Protein/Protease/Amino acids
– Lipids/Lipase/monoglyceride
– Glucose/ Oxidases/H2O2
4
Function
♦Enzymes act very specifically on a 
given substrate.
♦Most enzymes break complex 
molecules down into their building 
blocks
♦Enzymes are  very sensitive to pH, 
T°,  aw 
♦ Inactivated by heat during baking
Amylase
Starch
Pentosan
Pentosanase
5History of use of enzymes in baking
♦Yeast ( 2000 BC)
♦Malt Flour (malted wheat / malted barley)
♦ First generation (early 1950’s); α-amylase 
(protease)
♦Second (early 1980’s);  Hemicellulase / xylanase
♦More recently: bacterial amylase, glucose
oxidase, lipases, transglutaminase.
♦G.M.O. 
6
Sources of Enzymes in the Bakery
 Wheat Flour: Cereal amylases / ascorbic acid oxidase
 Yeast: malto-permease; maltase; invertase
 Soya Flour: Lipoxygenases; Peroxidases
 Malt Flour: Cereal amylases / protease
 Bread Improvers: Microbial amylases, xylanases, lipases. 
Oxidases etc
7Why are enzymes used in baking?
• As Processing Aids to improve dough 
machinability 
• Improvement in product quality:-
- Volume
- Improved crust colour 
- Crumb Structure / crumb brightness
- Crumb Softness
- Fresh-keeping / antistaling
- Aroma / flavour
• Reduction / elimination of chemical additives
8
AMYLASES
♦ Types of amylases 
α-amylase
β-amylase
Pullullanase
Glucoamylase
9Functionality of α-AMYLASE:
♦ Provides fermentable sugars for 
the yeast.
♦ Increases loaf volume
♦ Improves crumb structure
♦ Decreases staling rate
♦ Increases crust colour
Damaged 
Starch
Yeast
CO2
10
BACTERIAL AMYLASE
Fungal and Bacterial amylase: relative activity vs. 
temperature profile
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11
Functionality of bacterial amylase:
♦ Fungal amylases are active at the 
dough stage and early stage of 
baking.
♦ Bacterial amylases have a higher 
temperature optimum.  They
hydrolyse the leaching amylose  
during baking; this  further inhibits 
the staling process and increases 
bread softness
75°C
Starch
granule
Swollen 
Starch
granule
Amylose
leaching
BA FA
12
Wheat Flour Components
Lipids
1% Starch
68%
Pentosans
3%
Protein
12%
Ash
1%
Water
15%
13
XYLANS / WHEAT FLOUR PENTOSANS
♦Hemicellulose / arabino-xylans 
F/C
⏐
Araf
α
1
⏐
3
   Xylβ1-4Xylβ1-4Xylβ1-4Xylβ1-4Xylβ1-4Xylβ1-4Xylβ1-4Xylβ1-4Xylβ1-4Xylβ1-4Xylβ1-.
2 2
⏐ ⏐
Ac 1
α
MeGlcA
Xyl : Xylose
Araf : Arabinose
MeGlcA : 4-methylglucuronacid
F/C : Ferulic acid or Coumaric acid
Ac : Acetyl
14
XYLANASES
♦Xylanase types
F /C
⏐ f
A ra f
a α  a
1
⏐ d
3
   X y lβ1-4X y lβ1-4X y lβ1 -4X y lβ1-4X y lβ1-4X y lβ1-4X y lβ1-4X y lβ1-4X y lβ1-4X y lβ1-4X y lβ1-.
2 2
b ⏐ e c ⏐
A c 1
α
M eG lcA
a  : en d o-1 ,4 -β -X y lan ase
b  : β -X y losidase  (exoxy lanase)
c  : α -g lu cu ron idase
d  : α -L -arab ino fu ranosidase
e  : acety les terase
f : feru lic  ac id  en  coum aric  ac id  es terase
15
Functionality of Xylanase:
♦ Improved consistency of product quality
♦ Increased loaf volume (waterbinding, 
strengthen gluten network)
♦ Improved dough tolerance and 
machinability
♦ Improved crumb structure
16
Functionality of Proteases:
♦ Hydrolysis of gluten network
♦ Soften dough/ increase dough 
extensibility by weakening 
gluten
♦ Typical applications: bread, 
crackers, biscuits, wafers etc.
S-S
S-S
S-S
S-S
17
GLUCOSE OXIDASE
♦Glucose oxidase generates hydrogen 
peroxide whilst converting glucose into
gluconic acid
♦Peroxide can be further converted into 
oxygen if catalase activity is present
♦Oxidation of the gluten matrix during dough 
mixing is very important for gluten strength 
and dough conditioning.
18
Functionality of Glucose Oxidase:
♦ Oxidation of sulphydryl groups by generated H2O2.
♦ Sulphydryl groups positioned at the edges of the
glutenin molecules are mostly involved
♦ More elastic, dryer doughs
S-H
H-S
S
S
H2O2
19
LIPASES
♦ Lipase generates monoglycerides, diglycerides and free 
fatty acids from triglycerides present in the wheat flour 
lipids 
♦ Monoglycerides complex with amylose starch, inhibiting
retrogradation
♦ Phospholipase modifies flour phospholipids resulting in 
improved dough stability  with improved loaf volume
♦ Lipases also impart a dough conditioning effect resulting  
in finer, brighter crumb structure
20
Changes within dough during bread-making as 
a result of enzyme action on flour components  
Flour
Component
Functional
properties of
flour 
components
Interactions
phase changes
microstructure
Product 
Quality
improvementsEnzyme
Fermentation Carbon dioxide
sug
ars
21
Approach to Application of Enzymes
♦ Evaluation / benchmarking of enzyme preparations
♦ Identify objective: dough machinability; volume, 
crumb structure, softness/resiIlience, shelf-life.
♦ Select enzyme activities capable of contributing to 
the desired effects and improvements 
♦ Optimise usage levels of these activities with  
appropriate combinations to capture possible 
synergies and maximise cost effectiveness
22
Application of enzymes in baking:
♦ Flour Quality: 
- Chemical Analysis / Physical dough tests
- Baking performance
♦ Baking Process and process parameters
♦ Product quality requirements
♦ Evaluation of enzyme preparations
♦ Effect of other bread improver ingredients
♦ Optimisation of bread improver system
23
SUMMARY
♦Enzymes are very useful and effective 
processing aids for the baking industry   
♦ They are used to improve dough machinability, 
fermentation, gas retention properties and to 
improve overall product quality
♦ Careful selection, optimisation of usage levels 
and balance of appropriate enzyme activities in 
combination with other ingredients are essential 
to achieve the desired results.  
  
 
 
 
 
Enzymes in food processing 
Tony Bryan 
Novozymes Australia Pty Ltd 
1Slide No. 1
ENZYMES IN FOOD PROCESSING
Slide No. 2
Structure
• Overview of Industrial Enzyme Market
• Industrial Enzymes 
• Food industry applications
• Questions
Slide No. 3
INDUSTRIAL ENZYME MARKET
Slide No. 4
World Market - 2000
Value – 2.75 billion AUD
6%
31%
63%
Animal Feed enzymes
Technical enzymes
Food enzymes
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Other Technical 
Enzymes
t  i l 
+
Slide No. 5 Slide No. 6
Enzymes – not a new market!
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2Slide No. 7
976
2,4052,3132,2392,259
1,816
1,143
1,107
1,153
953
1996 1997 1998 1999 2000
Sales in DKK million
Technical enzymes
z Main use: detergent, starch, textile, 
leather, personal care,fuel alcohol and 
pulp and paper.
z Expected sales growth:
• Long term: 4-5%. 
CAGR ‘96-’00: 4%
2,969
3,366
3,192 3,289
Detergent Other technical
3,548
Slide No. 8
628
820
897
983
1,187
1996 1997 1998 1999 2000
Sales in DKK million
Food enzymes
• Main use:baking, dairy, 
brewing, alcohol, wine and 
juice, fats and oils, and other 
food processing.
• Enzymes are processing aids
• Expected sales growth:
• 2001: 10-15%
• Long term: 10-15%. 
CAGR ‘96-’00: 17%
Slide No. 9
148
161
175
229
298
1996 1997 1998 1999 2000
Sales in DKK million
Animal Feed enzymes
• Main use: reduces phosphorus from 
animal manure and/or increase the 
nutritional value of animal feed.
• Sales growth:
• 2001: 30%
• Long term: 20%. 
CAGR ‘96-’00: 19%
Slide No. 10
INDUSTRIAL ENZYMES
Slide No. 11
Typical Industrial Enzymes
• Hydrolases
• Amylases
• Cellulases
• Lipases
• Pectinases
• Proteases
• Pullulanases
• Isomerases
• Glucose Isomerase
Slide No. 12
Typical Industrial Enzymes
• Oxidoreductases
• Peroxidases
• Catalases
• Glucose oxidases
• Laccases
• Transferases
• Fructosyl – transferases
• Glucosyl -transferases
• Lyases
• Pectin lyases
• Acetolactate decarboxylases
3Slide No. 13
Sources of Food Enzymes
• Animal
• E.g.  Pancreatic trypsin
• Plant
• E.g.  Papain , Bromolain,Ficin
• Microbial Fermentation
Slide No. 14
Slide No. 15
FOOD INDUSTRY APPLICATIONS
Slide No. 16
Applications in Food Processing
• Starch
• Brewing
• Fruit & Vegetable Processes
• Wine
• Dairy
• Protein Hydrolysis
• Baking
• Fats & Oils
• Potable alcohol
Slide No. 17
Starch Applications
• Starch Liquefaction
• Alpha-amylase
• Starch Saccharification
• Amyloglucosidase, pullulanase
• Isomerisation
• Glucose isomerisation
• Wheat gluten/starch separation
• Xylanase
• Cyclodextrin
• CGTase
• Inulin saccharification
• Inulinase
Slide No. 18
Major Steps in enzymatic starch conversion.
SLURRY PREPARATION
LIQUIFICATION
PURIFICATION
ISOMERIZATION
REFINING
SACCHARIFICATION
Starch
Water
Steam
Alpha-amylase
Glucoamylase/
pullulanase
Glucose
isomerase
Maltodextrins
Maltose syrups
Glucose syrups
Mixed syrups
Fructose syrups
4Slide No. 19
Isomerisation
D-glucose D-Fructose
Aldohexose Ketohexose
Glucose 
Isomerase
Slide No. 20
Brewing Applications
• Adjunct Liquefaction
• Alpha-amylase
• Brewing with unmalted barley
• Beta-glucan degradation
• Beta-glucanases
• Adjustment of attenuation
• Amylases
• Reduce maturation time
• Acetolactate decarboxylase
Slide No. 21
Production of light, low-calorie 
beer and required attenuation
Slide No. 22
Slide No. 23 Slide No. 24
Fruit &Vegetable Processes
• Fruit juice
• Yield / Process optimisation
• Mash treatment
• Depectinisation
• Starch degradation
• Juice filtration
• Membrane Cleaning
• Olive oil extraction
• Yield improvement
• Fruit preparation
• Pectin methylesterase
5•  
Juice Enzymes and Terminology...
• Enzyme treatment of Mash : Mash enzyme..
• Enzyme treatment of Juice : Juice enzyme..
• Enzyme treatment of Pomace : Second mash enzyme
JUICE (liquid)APPLES (or PEARS)
Mashed and
Filtered
POMACE (solid)
•  
Mash Treatment with Enzymes
Value Creation
• Some pectin is solubilised during mashing
• Increase in viscosity (lower capacity)
• Difficult to obtain optimal yields
• Mashing enzymes
• Pectinases with hemicellulytic side activities
• Goal : Fast decrease in viscosity without destroying 
mash structure
• Benefits (value creation)
• Higher yields
• Increased press capacity
•  
Enzymes for Second Mash Treatment
Value Creation
• When the Pomace is being treated again with 
pectinases, it is called Second Mash Treatment.
• Second Mash enzymes
• Pectinases with cellulytic and hemicellulytic
side activities
• Benefits
• Higher yields
Unlocking the magic of natureSlide No. 28
Pectin Esterase enzyme for Fruit Firming
NovoShape™
•  
Action of Novoshape on Pectin is shown on slides 9, 10 and 11. 
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Pectin Esterase:
cleaves the methyl 
group from the 
galacturonic acid
•  
Removal of the methyl group produces a negative charge which allows 
bonding with Ca ++
O-Me
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-Gal A-
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-
Ca++ Ca++Ca++
Removing the methyl group 
changes the charge on the 
molecule, allowing it to bond to a 
divalent ion (Ca++)
6•  
Bonding of the carboxyl groups of the Galacturonic Acid with  Ca++ 
ions produces the firmer texture
O
O
OH
COO-
HOCOO-
O
OH
O
O
OH
HO
O
OH
COO-
COO-
Ca++
•  
Benefits of fruit preparation using NovoShape
• Less damage to fruit
• Reduced need for other additives
• Enhanced flavour
• No labeling
• Better colour and aroma
The fruit is about 70% of the fruit preparation cost, and 
about 50% of the fruit is lost during processing.  Any 
increase in the amount of high quality fruit recovered is a 
plus for the processor
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Dairy / Protein Hydrolysis Applications
• Rennets for Cheese production
• Calf rennet, microbial rennets, cloned chymosin
• Lactose modification
• Lactase
• Cheese flavour modification
• Proteases, lipases
• Milk protein modification
• Proteases
• Protein hydrolysis
• Proteases
Slide No. 34
Substrates
¾ Vegetable: - The cereal group
wheat, barley
rice, sorghum
corn, etc.
- The oil seed group
soy, rape seed 
cotton seed, peanut 
- The legume group
peas, beans
¾ Animal: - Meat, gelatin
- Fish
- Casein and whey
Slide No. 35
Functionalities affected by protein hydrolysis
¾ Funtional: - Solubility
- Emulsification and foaming
- Viscosity
- Gelatinization
- Coagulation
- Allegenicity
¾ Nutritional: - Digestibility
- Nutritional quality
¾ Flavour: - Taste (meat, vegetable)
¾ - Bitterness
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Applications
¾ Hydrolysates for infant milk replacement
¾ Hydrolysates for meat extenders
¾ Hydrolysates as meat or bone stocks
¾ Bone cleaning prior to gelatin extraction
¾ Proteases in gelatin extration
¾ eHAP
¾ eHVP
¾ Soy sauce boosting
¾ Yeast hydrolysates
¾ Hydrolysates for cosmetics
¾ Digests for pet food
¾ Viscosity reduction in fish meal production 
7•  
Meat Tenderising
Enzymes of Choice
• Plant
• Papain (papaya latex)
• Bromelin (pineapple)
• Ficin (figs)
• Microbial (Aspergillus spp.)
•  
“Control of Process” is currently 
unachievable...
Negatives
• Potential over-tenderization resulting in 
“mushy” textured product due to broad specific 
enzymes
• High residual activity due to high thermal 
stability of enzymes
• Product flavour defects due to activity towards 
connective tissue releasing hydrophobic amino
acids
•  
Deliverables :
• Narrow specificity providing a self-limiting 
action
• Thermal lability under normal cooking 
conditions
• Exclusive degradation of myofibrilla proteins
• No flavour defects
•  
Mode of application of Novo Carne Tender  for meat tenderization
Novo Carne Tender may be injected or tumbled 
to tenderize meat
Raw meat
Tumbling
Chill or freeze
Marinade
Defrost & cook 
Enzyme Solution
Inject Tumble
•  
Relative effects of Novo Carne Tender and papain on tenderness
Novo Carne Tender will not over-tenderize meat
R
el
at
iv
e 
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e
Dosage AU/100 g meat
0
20
40
60
80
100
120
0 0.01 0.02 0.03 0.04 0.05
Too Tough (> 82)
Too Soft (< 60)
Mushy (<30)
Acceptable (65-78)
Novo Carne Tender
PAPAIN
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Baking Applications
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Typical benefits of using enzymes for baking
Weakens the gluten to provide the plastic properties required 
in doughs for biscuits.
Protease
Dough conditioning.  Easier dough handling and improved 
crumb structure.
Xylanase
Bleaching and strengthening dough.
Dough conditioning by producing more uniform, smaller 
crumb cells and a silkier texture and whiter crumb colour.
Oxidises free sulphydryl groups in gluten to make weak 
doughs stronger and more elastic.
Improves shelf life.
Maximises the fermentation process to obtain an even crumb 
structure and a high loaf volume.
Lipoxygenase
Lipolase
Gluxose oxidase
Maltogenic
Alpha-amylase
Amalyse
ENZYME EFFECT
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Oils & Fats Applications
• Enzymatic vegetable oil degumming
• Phospholipase
• Specialty oils
• Immobilized lipases
• Enzymatic interesterification of bulk fat
• Immobilized lipases
• Ester synthesis
• Lipase
•  
Two Main Routes for 
Vegetable Oil Refining
Crude oil
Bleaching
Deodorization
Alkali treatment
Centrifugation
Steam stripping
Deodorization
Bleaching
Water degumming
Acid degumming or
Enzymatic degumming
RBD oil
Chemical refining Physical refining
FFA +
P-lipids HydratableP-lipid
Non-Hydratable
P-lipid
FFA 
•  
PHOSPHOLIPASES: Mode of Action
X = H, choline,
ethanolamine, 
serine, inositol, etc.
O
CH2 -O-C-R
1
R2-C-O-CH
O            
O
CH
2
-O-P-O-X
O
Phospholipase A1 (Lecitase Novo)
Phospholipase A
(Lecitase 10L)
2
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Lecitase Novo - Features
• Enzyme
– Fusarium oxysporum phospholipase A1, 
produced by fermentation of Aspergillus  
oryzae.
– Lecitase Novo is able to degum oils at 
very low water levels 1-2%. 
– Effective pH range  4,3 - 5,0
– Temperature range 40 - 45oC
•  
Degumming of Crude Vegetable Oil With Lecitase
Novo Without Sludge Recycling:
Crude oil
Citric acid solution
NaOH solution pH 4.5
Enzyme/Water
Sludge
To meal
Bleaching
Stripping
Deodorisation
RBD oil
Temp. adjust (40-45 °C)
Residence vessel, 
40-45°C, 6 hours totally
Heating, 65-75 °C,
centrifugation,
5-10 min. duration
Emulsification
Enzyme dosage 50ppm
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Shear mixer Shear mixer
Crude Oil or
Water
Degummed Oil
Citric
acid NaOH
Enzyme
Lecitase Novo
C
oo
lin
g
45
o C
Retention
Tank
Retention
Tank
H
ea
tin
g
70
o C
Centrifuge
Separated
gums
Degummed
Vegetable
Oil
C
oo
lin
g
70
o C
Degumming process with Lecitase Novo
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More information…………
• www.novozymes.com
• Industry websites
• tony@novozymes.com
Slide No. 51
Questions………….
  
 
 
 
 
Enzyme therapy for humans 
Anthony Earp 
Genzyme Therapeutics 
1Enzyme Replacement Therapy for
Lysosomal Storage Disorders
Anthony Earp
Genzyme Australasia
The Eukaryotic Cell
N
Mitochondria
(energy)
Endoplasmic
Reticulum
(Protein Synthesis)
Golgi 
(GlclCer Synthesis)
Lysosome
(Glycolipid
Breakdown)
Glycolipids
Dead cell
debris
Add sugars
to GlcCer
GlcCer
2LYSOSOME
“a saclike cellular organelle 
that contains various 
hydrolytic enzymes”
Lysosomal Enzymes
> 50 enzymes
Substrate
– Lipids/Carbohydrates
– Proteins/Nucleotides
Activity optimal - acid pH
3Lysosomal Storage Diseases
~ Forty diseases
Results in intracellular accumulation of 
macromolecules in lysosomes 
Defects found in all aspects of lysosome
function
Number of LSD is increasing as new disorders 
are characterized biochemically and genetically
Genetics
 Rare
– Incidence 1:50,000-1:4,000,000+
– Group incidence 1:7,000-1:10,000
Multiple modes of genetic transmission described
 Affect children predominantly
 Phenotype - genotype heterogeneity
– Single genotype may lead to wide range of clinical symptoms
– Patients with similar symptoms and clinical severity may 
carry different mutations
4Pathology
Consequence of reduced/absent enzyme 
activity
Leads to accumulation of substrate
Myriad substrates
– Lipids
– Carbohydrates
– Proteins
Pathology
Disease is the outcome of excess substrate 
accumulation in tissues leading to impaired 
performance of target organs
– Activated macrophages (Gaucher’s)
– Vascular endothelium (Anderson-Fabry)
– Muscle (Pompe’s)
– Connective tissues (MPS I)
5Scientific Rationale for Lysosomal 
Targeting
Lysosomal enzymes are expressed 
ubiquitously in all cell types (erythrocytes)
Approximately 10% of total are secreted and 
endocytosed by adjacent and distant cells
Uptake via the mannose-6-phosphate 
receptor
Threshold for success is low - heterozygotes
with 15% of normal activity are healthy
Enzyme Manufacture
6Enzyme Manufacture
Technical Challenges
Enzyme Availability
– Rapid uptake liver, spleen
– < 1% available systemically
– Short serum half-lives
– Longer tissue half-lives
Resistant tissue compartments
– Lung
– CNS
– Heart and valves
– Cartilage
7Clinical Challenges
Resource intensive
– Weekly/bi-weekly infusions
 Immunologic reactivity
– Seroconversion
– Allergic/anaphylactic reactions
– Neutralizing?
Efficacy
– Removal of accumulated substrate (surrogate 
endpoint)
– Demonstration of clinical benefit
Regulatory Challenges
Approach to clinical development
– Limited information on natural history of disease
– Limited preclinical data
– Compressed development (Phases I/II, Phase III)
Regulatory submissions
– Orphan drug act
– “Fast-track”
– Design of pivotal trials and adequacy of data
Validation Plans
– “Likelihood of clinical benefit”
8Lysosomal storage diseases
Estimated 40 different lysosomal storage
diseases, each afflicting up to 10,000
patients worldwide.
Glycolipidosis
Mucopolysaccharidosis
Glycogenosis
Oligosaccharide/Glycoprotein disorders
Lysosomal enzyme transport disorders
Lysosomal membrane transport disorders 
Glyco-lipidosis Disorders
Disease Defect
Gaucher glucocerebrosidase
Fabry α - galactosidase
Tay Sachs ß- hexosaminidase
Niemann- Pick Type A, B  acid sphingomyelinase
Niemann- Pick Type C, D  cholesterol esterification 
defect
Krabbe galactosyl ceramidase
Wolman acid lipase
9Gaucher Disease Type I 
Frequency: 1/ 600 (Ashkenazi Jewish)
1/100,000 general population
Inheritance: autosomal recessive
Mutant gene product: glucocerebrosidase
Chromosomal location:1q21
Storage of lipid in macrophages
Anemia
Hepatomegaly - splenomegaly
Bone involvement
10
11
Gaucher Disease Type I 
Development of  Enzyme Replacement Therapy (ERT): 
 1991: First ERT for lysosomal storage disease:
placental derived glucocerebrosidase
 1994: recombinant glucocerebrosidase approval     
Completion of protein manufacturing plant
 Treatment 3,000 patients in 55 countries worldwide
Dose of ERT Needs to Be
Individualized Because ...
Gaucher severity dependent on genotype 
and remaining enzyme activity
Life cycle of RBC and WBC varies per patient
Higher turnover with concurrent diseases
12
Dose of ERT Needs to Be
Individualized Because ...
Higher doses in case of severe bone, lung 
kidney, eye and CNS involvement
Higher doses for severe genotypes (Type III)
Higher doses in children to optimize healthy 
bones and minimize inflammation
13
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Fabry’s Disease 
Frequency: 1/ 40,000
Inheritance: X-linked
Mutant gene product: α - galactosidase,chrom.Xq22.1
Diagnosis/Life expec. Male patients- childhood, death 
in 40’s, but 25 % of patients are 
females
Fabry’s Disease
 Primarily small vessel disease 
pathology
– Pain
– Hypohydrosis
– Cardiomyopathy
– Impaired  arterial  circulation
– Kidney disease
– Skin (angiokeratoma)
– Corneal whorl
 Most morbidity and mortality 
attributable
– renal disease
– neurologic disease
– cardiac disease
Subnormal or absent activity of lysosomal hydrolase, α-galactosidase A
Progressive storage of neutral glycolipids (GL-3) in lysosomes of 
endothelial cells of blood vessels
Only symptomatic treatment available
16
Disease Map
0 60
Acroparesthesia
Renal Disease
CNS Disease
Cardiac Disease
Constitutional 
symptoms
QoL
Fabry Disease
Heterogeneous clinical course
– Asynchronous evolution of signs and 
symptoms
– Natural course of disease not well understood
– Rate of progression of clinical events not 
known
17
Clinical Development
Phase I-III trials completed
Phase IV study underway
Fabrazyme approved in EU
Awaiting approval in Australia and USA
Mucopolysaccharide Disorders
Disease Defect
Hurler Syndrome (MPS I) α -L-iduronidase
Scheie (MPS I S)
Hurler/Scheie (MPS I H/S) 
Hunter Syndrome (MPS II)  Iduronate Sulfatase
Sanfilippo (MPS III) Heparan N-Sulfatase
Morquio (MPS IV A) Galactosamine-6-Sulfatase
Morquio (MPS IV B) β - Galactosidase
Maroteaux -Lamy(MPS VI) Arylsulfatase B
Sly syndrome (MPS VII) β - Glucuronidase
18
MPS I- Hurler
Frequency:        1/100,000 general population
Inheritance: autosomal recessive
Mutant gene product: α -L-iduronidase /chrom:4p16.3
Diagnosis/Life expect: diagnosis age 1-2, death age 10
Storage of heparan and dermatan sulfates 
Coarse facial features 
Cardiomyopathy
Hepato-splenomegaly
Skeletal deformity
Retardation
Corneal Clouding /Hearing loss
MPS I- Hurler-Scheie
Frequency:        1/115,000 general population
Diagnosis/Life expect: diagnosis age 2-5,death late 20’s
Storage of heparan and dermatan sulfates 
Hepatomegaly - splenomegaly
Skeletal deformity
Vision impairment/Hearing loss
Valvular Heart disease
No CNS involvement
19
MPS I- Scheie
Frequency:        1/500,000 general population
Diagnosis/Life expect: diagnosis variable, normal 
Storage of heparan and dermatan sulfates 
Joint stiffness
Vision impairment (Glaucoma)
Aortic valve disease
No CNS involvement
Normal growth
Treatment of MPS I
Symptomatic Care
Bone Marrow Transplantation
Enzyme replacement therapy
20
MPS I- Enzyme Replacement Therapy
First attempted in 1970’s
Requires recombinant sources of enzyme
Genetically engineered CHO cells
Secrete normal human iduronidase
Developed by BioMarin under guidance of Dr. 
Emil D. Kakkis, UCLA Medical Center
Highlights from Clinical Trial 
When administered to a heterogeneous 
population of MPS I patients, infusion of α-L-
iduronidase
– Safe
– Efficacious
Efficacy demonstrated in achieving two 
primary endpoints
Suggestions of clinical benefit
21
Liver Size during Enzyme Therapy as 
Percent Body Weight
2.5% Normal Size
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Patient JOM001
Pre-treatment Post-treatment
Patient J0M001
Pre-treatment Post-treatment
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Lysosomal Storage Diseases -
Challenges
Phenotype - genotype heterogeneity
Resistant tissue compartments - lung, CNS, 
valves, cartilage
Antibody formation
– Neutralizing?
– Symptomatic?
Rapid clinical development
– Dose ranging, use of surrogate endpoint
Lysosomal storage diseases
Treatment development for other lysosomal 
diseases are currently being evaluated:
Niemann-Pick
Hunter’s 
Sanfilippo’s
24
Treating Lysosomal Storage 
Diseases : 
The  Final Frontier
Treatment of CNS ?
CNS
Involvement 
in LSDs
Severe CNS
Usually Mild CNS
No or Minimal CNS
Metachromatic 
Leukodystrophy
8%
Sanfilippo A
7%
Krabbe 
Morquio
5%
Cystinosis
4%
Pompe
5%
Hunter Severe
5%
Hunter Mild
1%
Fabry
Sly
0%
Sialidosis
0%
Scheie
1%
Gaucher Types 2 & 3
1%
Gaucher Type 1
13%
Hurler
4%
Hurler/Scheie
4%
Sandhoff
2%
GM1 Gangliosidosis
2%
Mucolipidosis type II/III
2%
Niemann Pick B
2%
Niemann Pick A
2%
Maroteaux-Lamy
3%
Niemann Pick C
4%
Sanfilippo B
4%
Tay-Sachs
4%
Sialic Acid Storage Disease
2%
Wolman
2%
a-Mannosidosis
1%
Sanfilippo D
1%
Sanfilippo C
1%
Multiple Sulfatase 
Deficiency
1%
Aspartylglucosaminuria
0%
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Enzyme Replacement 
Therapies 
(Fabry, Pompe, etc.)
CNS non-
CNS
Small 
molecule
Enhanced 
delivery
Treating Lysosomal Storage 
Diseases : 
The  Final Frontier
Gene Therapy ?
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Gene Therapy
>12 research collaborations
– Cystic fibrosis (7 trials, 108 patients)
– LSDs (Gaucher, Fabry, Niemann Pick)
– Cancer (melanoma, breast, kidney)
– Cardiovascular disease
• Ischaemic heart disease, CHF, peripheral 
vascular disease, restenosis
Proof of principle established
» genetherapyct.pdf
Enzyme therapy in Humans
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Enzymes in Industry
Felice Driver
WheatRite TM
detects rain damage in wheat
• Simple  semi-quantitative in field immunoassay 
• Accurate and correlates with industry Falling 
Number standard
• Rapid results in 5minutes
• Inexpensive less than $15 per test
• Flexible can be used at all stages of harvest and 
delivery
2What is Rain Damage?
pre-harvest sprouting
• Rain at harvest may stimulate wheat seeds 
to enter first phases of germination                        
pre-harvest sprouting
• Seeds imbibe water, gibberellic acid is 
produced and stimulates alpha-amylase 
synthesis in the aleurone layer                               
alpha-amylase secreted into endosperm and 
degrades starch to water and soluble dextrins
Effects of rain damage
• Financial losses to growers and end users
Commercially relevant damage occurs before 
sprouting is visible
• Wheat may be unfit for human consumption
Testing part of quality assurance, “real time” 
monitoring avoids downgrading of silos
• Affects the suitability of wheat for most food uses
Noodles – poor colour & cooking properties
3Bread – poor colour & crumb texture
- poor loaf volume & structure
Farmer & Grain Receival Center 
Requirements
• Rain damage can vary within and between 
fields
• In field testing creates the opportunity for 
selective harvesting
• Optimise quality and financial return to 
growers
• Rapid testing at receival avoids 
downgrading of silos
4Testing for Rain Damage and α-
amylase
• Enzyme is synthesised early in sprouting and is 
responsible for end-product quality defects
Enzyme is relatively abundant
• Both Industry Standard and WheatRite test detect 
α-amylase
Falling Number test, Rapid Visco Analyzer & 
Amylograph measure α-amylase activity by 
assessing viscosity
Falling Number Test
Industry Standard (Hagberg 1960)
• Method based on rapid gelatinisation of  
starch in a heated flour suspension and the 
subsequent degradation by α-amylase
• Measures time (seconds-FN) for rods to fall 
through the slurry of wholemeal flour and 
water in a glass tube (Perten Instruments)
Values depend on accurate weighing, 
grinding & water
Shaking technique critical to repeatability
Variations occur between different 
instruments
Equipment is expensive (>US$10,000)
Industry regards FN test as too slow for 
effective grain movement
5Storage of rain damaged wheat and 
testing regimes
• FN improves over 
time
• Storage reduces active 
α-amylase
• Baking properties 
don’t improve with 
storage
• Baking quality not 
reflected by FN test
• WheatRite reflects 
weather damage more 
accurately
• Detects α-amylase 
antigen
• WheatRite may be a 
superior indicator of 
baking performance
WheatRite-Test Principle
ICT-Lateral Flow Device
NCM
Polyclonal capture antibody
α -amylase
Gold-labelled monoclonal detector 
antibody
Antigen detection sandwich immunoassay
6WheatRite 
Patented Folding Card 
Adsorbent pad
Test strip
Wash pad
Sample Pad
Test Strip
+ve Control 
(Reference line)
Test line
Polyclonal 
Capture Ab6mm
7Sample-Colloidal Gold Pad
Extracted flour sample is added 
to the gold pad
Gold labelled
Monoclonal Ab
Control gold
(Reference)  
α –amylase antigen from            
sample
Test Sample re-hydrates gold 
labelled Antibodies
Control Gold
Ag/Ab complex
α –amylase Ag
8Close Folding Card
Initiate test run
Sample pad contacts base of test strip
Adsorbent Pad contacts top of test strip
Reagents flow along test strip 
Positive Test Result
Uni-Lateral
Direction of 
flow
Amylase antigen 
bound to gold-labelled 
detector antibodies 
captured at test line by 
polyclonal antibodies
Intensity of pink 
bands produced at test 
line depends on 
degree of occupancy 
of capture antibodies
9Test Result
+ VE
- VE
Ref
Test
Sample:
Date:
QWIP
WheatRiteTM
Read results using either:
Colour Chart
ReadRite Reader
150              250             300              350 
Falling Number Value
10
WheatRiteTM 
Flow Through Test Format
in partnership with
11
WheatRiteTM Kit Components
Test Protocol
1. Add extraction solution to the mark indicated
2. Cap tube and shake for 15 seconds
3. Allow flour slurry to settle for 15-60 seconds
4. Open card and discard adhesive strip
5. Using sample dropper apply 2 drops to the pink sample pad 
1
6. Add 2 drops of wash buffer to the wash pad  2
7. Close the card and rub along the right hand edge with mild 
pressure  3
8. Open card after 5 minutes and compare results with 
colour chart. FN calibration at 5 minutes.
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Manufacture  New “Dip Stick” Format
Unidirectional  Lateral Flow 
Device
Molded plastic cassette
Less operating steps
Sample addition less critical
Challenge stable colour 
development in 5 mins
